
 

 
C

ur
re

nt
 D

ru
g 

D
el

iv
er

y
�����%��9?@=.789A
����%��9A=?.?=8>

������
	���
��
����

�������
	
���
�

����������������	���
��#�����	������

�%���������

��#��������	������

�����	

��������	

&���"���

���������������

�������������

&������������

'�������		��

�������������		��

(����

)�����#���	

*����)�2�'��2��3��

��������	��	
������	��
������

�������	����	��������	������

Send Orders for Reprints to reprints@benthamscience.net 362 
Current Drug Delivery, 2020, 17, 362-374  

PERSPECTIVE 

Physicochemical Considerations of Tumor Selective Drug Delivery and  

Activity Confinement with Particular Reference to 1,2-Bis(Sulfonyl)-1-

Alkylhydrazines Delivery 

 

Philip Penketh1,*, Hugh Williamson2 and Krishnamurthy Shyam1 

1Department of Pharmacology, Yale University School of Medicine, New Haven, CT 06520, USA; 2BP Exploration, 
Chertsey Road, Sunbury-on-Thames, Middlesex, TW16 7LN, UK  

A R T I C L E   H I S T O R Y 

Received: August 15, 2019 
Revised: October 21, 2019 
Accepted: March 12, 2020 
 
DOI:  
10.2174/1567201817666200427215044 

Abstract: Hypoxic tumor cell sub-populations are highly resistant to radiotherapy and their presence 

frequently causes disease recurrence and death. Here, we described the physicochemical properties re-

quired to develop superior tumor-targeted hypoxia-activated modular prodrugs that liberate extremely 

short-lived bis(sulfonyl)hydrazines (BSHs) as reactive cytotoxins, thereby precisely focusing cytotoxic 

stress on these radio-resistant hypoxic sub-populations. Therefore, cytotoxic stress will be focused on 

radiation resistant areas and thus strongly synergizing with radiotherapy. 
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hypoxic sub-populations. 

1. INTRODUCTION 

 Recently there has been considerable expansion in the 
types of therapies available to treat cancers, ranging from 
immunotherapy to nutraceuticals [1-3]. However, chemo-
therapy is likely to remain, in the near future, a dominant 
therapeutic strategy for the treatment of many cancers. Che-
motherapy can be improved to largely confine its action to 
tumors while sparing healthy tissue. In addition, it possesses 
an inherently lower cost of therapy. The 1,2-bis(sulfonyl)-1-
alkylhydrazines (BSH) possess a unique combination of fa-
vorable properties that make them ideal chemotherapeutic 
cytotoxins for selective targeting tumors. We have been par-
ticularly interested in the targeting of hypoxic radiation resis-
tant microenvironment, and this perspective will be focused 
primarily on this strategy. However, BSH can be engineered 
to be released from prodrug forms under a wide range of 
conditions by a variety of enzymes or target specific micro-
environmental conditions. Thus BSH prodrug forms that are 
accumulated due to the EPR effect (enhanced permeability 
and retention effect) could be easily engineered to release 
BSHs. The highly tunable half-life of BSHs enables the ef-
fective confinement of their activity to within close proxim-
ity of their site of liberation from the prodrug form. The EPR 
effect arises because most solid tumors have abnormally 
large gaps between their capillary endothelial cells, permitting 
large scale extravasation and retention of macromolecules and  
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macromolecular prodrugs [4]. The EPR effect is not seen in 
normal healthy tissues. Thus short-lived cytotoxic BSHs 
could be liberated from prodrug forms in a range of target 
cells and microenvironments.  

2. HYPOXIA AS A THERAPEUTIC TARGET  

 In normal tissue, mean intercapillary distances (ICDs) are 
~ 80 µm thus, most cells reside ≤ 40 µm from a functional 
capillary [4, 5]; but in tumor tissues mean functional ICDs > 
300 µm have been reported [5]. The metabolism of O2 is 
higher than all other nutrients, but its free concentrations 
within capillaries are low (15-40 μM). Thus, O2 has an un-
usually short diffusion range within tissues of < 100 µm [6, 
7]. This range is insufficient to cope with the atypical mi-
crovasculature of tumors creating Hypoxic Tumor Regions 
(HTRs) [8, 9]. These HTRs are interspersed on a micro-
scopic scale between relatively normoxic regions lying adja-
cent to functional capillaries. Although HTRs (0-5 μM O2) 
have impaired vascular delivery, access by small molecules 
that lack the unusual supply/demand limitations of O2 readily 
occurs. Thus, glucose, present at more than 200-fold greater 
concentrations than O2, is not limiting and can sustain HTR 
cells despite their elevated glycolytic rates. HTRs are a ma-
jor factor in therapy resistance and disease progression, and 
are a strongly negative prognostic factor [8,12-23] (Fig. 1A). 
Radiation can be used to precisely target tumor tissues, but 
the sensitivity of cells to radiation is greatly diminished in 
the absence of O2 (Fig. 1B), thus HTR cells tend to survive 
radiotherapy [8, 24]. Additionally, cancer stem cells that 
represent the clonogenic core of many tumors appear to pref-

1875-5704/20 $65.00+.00 © 2020 Bentham Science Publishers  

http://crossmark.crossref.org/dialog/?doi=10.2174/1567201817666200427215044&domain=pdf


Tumor Selective Activity to Alkylhydrazines Delivery Current Drug Delivery, 2020, Vol. 17, No. 5    363 

erentially proliferate and reside in HTRs [25]. These, like 
normal stem cells, are equipped for long term survival pos-
sessing high levels of enzymes involved in detoxification 
and self-maintenance [26], making them more resistant to 
chemotherapy. Thus, cells in HTRs are more likely to sur-
vive radiotherapeutic and chemotherapeutic treatments and 
cause relapse and patient death (Fig. 1A). Strategies to de-
liver a stronger cytotoxic blow to therapy-resistant HTRs are 
therefore required. Cells within HTRs exhibit considerably 
more net reduction of xenobiotics containing particular func-
tional groups largely due to decreased back oxidation by O2 
[8, 14] (Fig 2). Hypoxia selective net reduction has been 
successfully exploited in the development of nitroheterocyc-
lic antibiotics (e.g., metronidazole used to treat anaerobic 
infections) and HTR imaging agents. Upon reductive activa-
tion, HTR imaging agents react extremely rapidly with intra-
cellular thiol groups trapping the label close to the activation 
site [27-29] (Fig. 2). HTR imaging agents serve as a con-

vincing proof of principle for HTR penetration, and HTR 
selective agent activation. Several groups have tried to use 
this phenomenon to produce Hypoxically Activated Prodrugs 
(HAPs) that selectively liberate therapeutic agents from inac-
tive prodrugs forms in HTRs, thus exposing therapy-resistant 
cells to active agent while largely sparing normal tissue cells. 
While the basic principles involved are simple and proven, in 
practice, the localization of therapeutic quantities of active 
agent in HTRs is complex, and requires the precise tun-
ing/matching of the properties of the prodrug and the liber-
ated active agent. Prior efforts by several groups resulted in 
only modest success, largely because of the presence of one 
or more of the following problems:  

 A) Facile/rapid activation under mildly hypoxic condi-
tions endowing the agent with O2 like HTR penetration, and 
causing agent exhaustion prior to reaching distal HTRs [30, 
31]. B) High hydrophilicity slowing HTR penetration and 

 
Fig (1). Effects of tumor oxygenation on patient disease-free survival, and O2 concentration on the cytotoxic actions of X-rays and nitrofura-
zone reduction. A: Kaplan-Meier plot of patients with head and neck carcinoma undergoing radiotherapy. Oxic tumors (mean > 2.8 μM O2) 
show superior prognosis to hypoxic tumors (mean < 2.8 μM O2) [7]. B: Comparison of the O2 concentration dependencies of X-ray cytotox-
icity, and the relative reduction rate of the antibiotic nitrofurazone (NFSC) by cytochrome p450 reductase [8], both half-maximal effects 
occur at ~ 4 μM O2, but with the O2 concentration acting in opposite directions.

 
Fig (2). Hypoxia selective binding of fluoromisonidazole. Two factors are key to the effectiveness of fluoromisonidazole as a hypoxic region 
imaging agent, [1] the extremely rapid back oxidation of the initially one electron reduced agent by O2 (this imparts [O2] sensitivity), [2] the 
confinement and/or rapidity of subsequent reaction steps culminating in the reaction with impermeable biomolecules (this localizes the label 
within close proximity to its initial site of reduction). The latter process involves multiple pathways, only one of which is illustrated above. 
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worsening type (A) problems (diffusion within tissues is 
dependent upon hydrophobicity) [12, 32]. C) Unrestrained 
escape of the targeted active agent resulting in the attenua-
tion of the HTR focus [33]. D) Low prodrug/active agent 
structure-activity flexibility preventing flaw(s) correction.  

 Tirapazamine like agents, for example, have little capac-
ity for tuning either their overly rapid rate of reductive acti-
vation or subsequent hasty cytotoxic reaction. If the latter 
step could be easily slowed, it could impart sufficient by-
stander action to allow its activity to reach distal HTR and 
correct for the reductive activation rate flaw and vice versa. 
Agents like Evofosfamide (TH-302) have a near optimal and 
relatively tunable reduction potential/activation rate, but the 
liberated cytotoxin (an isophosphoramide mustard) has very 
modest tunability of its overly long half-life which will at-
tenuate its hypoxic focus in in vivo situations. However, the 
BSHs, which were pioneered in the laboratory of the late 
Alan C. Sartorelli, are uniquely tunable possessing a combi-
nation of properties that allow these cytotoxic warheads to be 
readily matched to reductive triggers circumventing such 
concerns. 

1)  BSHs are readily latentiated as highly stable inactive 
prodrug forms (Fig 3 panel A) yet are excellent leav-
ing groups, aiding their near instantaneous release 
from activated HAPs [33]. 

2) BSHs have short, but widely tunable and predictable 
half-lives that can be used to constrain the spatial de-

livery of cytotoxic stress to within a defined range en-
compassing anticipated optimal values [33, 34].  

3) Free BSH warheads are weak acids with pKa values 
close to neutrality favoring their pH biased en-
try/concentration within solid tumor cells [33, 34] and 
slowing their escape from these tissues (tumor cells 
possess large and inverted trans plasma membrane pH 
gradients). The opposite is true for weakly basic 
agents (e.g., doxorubicin) muting their tumor tissue 
selectivity [35]. 

4) O6-methylguanine-DNA methyltransferase (MGMT), 
the protein primarily responsible for BSH resistance, 
can provide a strong yet limited ‘toxicity threshold’, 
allowing the tolerance of leakage and background 
non-specific activation [36]. However, the lim-
ited/titratable MGMT protection threshold (MGMT is 
a suicide protein repairing only one lesion per mole-
cule) can be overwhelmed by preferential BSH deliv-
ery [36-38]. Additionally, the presence of MGMT de-
ficient tumors in 5-20% of patients (dependent upon 
the tumor type) may permit the pre-selection of pa-
tients likely to exhibit exceptional responses [38-40]. 
Furthermore, MGMT may be amenable to tumor-
selective modulation in solid tumors preferentially 
sensitizing them to BSHs [33, 41]. 

5) Chloroethylating BSHs do not cause rapid cell death 
or induce apoptosis at cidal concentrations [42]. Ex-

 
Fig. (3). BSH warhead structure half-life relationships. A: Chloroethylating (and methylating) BSHs are very weak stable acids with pKa 
values close to neutrality, ionization results in the formation of an unstable anion which undergoes a rapid but rate limiting elimination reac-
tion. Replacement of the N-2 proton indicated in red (H) with a hypoxically cleavable masking group blocks decomposition and generates a 
HAP. B: BSHs with half-lives ranging from seconds to minutes have been synthesized. The effects of different substituents in the N-1 and N-
2 positions on the half-life values at 37 °C and pH 7.4 for methylating analogs are shown. The 5 to 6-fold shorter-lived chloroethylating ana-
logs are preferred as cytotoxic warheads since they are about one log more potent, and thus require the delivery of less agents. C: A Hammett 
analysis of the effects of various para-substituents (shown in panel ‘B’) in the benzenesulfonyl moieties attached to N-1 and N-2 on the first-
order decomposition rate constants gave linear plots. These N-1 and N-2 substitutions act like coarse and fine half-life adjustments, respec-
tively. This enables the design of BSHs with accurately predetermined half-life values over a wide range.
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posed cells stop dividing but continue to increase in 
size, and slowly die off over an extended period, often 
lasting more than a week. During this protracted cell 
death period, these cells are recorded as live by assays 
based on metabolic reductive capacity, but are not 
registered by assays dependent upon clonal replica-
tion [33]. This metabolically active cell death makes 
BSHs particularly attractive as HAP delivered cyto-
toxins as activation will continue, despite the lethal 
exposure of the activating cell. A cytotoxin that rap-
idly killed the activating cell would be unsuitable for 
exploiting the bystander effect, since this would 
quickly shut down the intra-tumor hypoxic BSH lib-
erating cells. 

6)  Exhibit outstanding activity in several tumor models, 
even in simple non-targeted prodrug forms [33]. 

3. MODULAR PRODRUG STRUCTURE  

 Modular prodrugs incorporating BSH warheads and ni-
trobenzylcarbamate hypoxia triggers are readily synthesized. 
These prodrugs allow the independent tuning of the activa-
tion rate/oxygen sensitivity of the trigger, and the precise 
tuning of the cytotoxic BSH half-life (major factor control-
ling BSH activity radius). The half-life tunability (Fig. 3) 
allows the warhead to mimic the short-lived electrophiles 
generated by HTR imaging agents resulting in the HTR con-
finement required for their function. The use of nitrobenzyl-

carbamate hypoxic trigger results in a hydrophobic prodrug 
that transitions to a hydrophilic active agent favoring tumor 
penetration by the prodrug form but hinders the escape of the 
liberated BSH (Fig 4). This is an ideal transition for HAPs 
used in combination with radiotherapy according to recent 
pharmacokinetic/pharmacodynamics models [12, 32]. 

 To function effectively in conjunction with radiotherapy, 
HAP physicochemical parameters need to be tuned so that 
the cytotoxic stress is precisely focused upon the HTR that 
results in significant radioresistance. A lead agent 1,2-
bis(methylsulfonyl)-1-(2-chloroethyl)-2-[[1-(4-nitrophenyl) 
ethoxy]carbonyl]hydrazine (KS119), despite liberating a 
BSH (90CE, 1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hyd- 
razine) with an overly long half-life (~30 seconds) based on 
modeling studies (see later), still exhibited a greater in vivo 
enhancement of the effects of radiation that is seen with most 
radiation/drug combinations. This exceptional activity re-
sulted in KS119 and closely related more soluble analog 
(KS119W) being short-listed for clinical development [33]. 
Unfortunately, neither KS119 nor KS119W were ever clini-
cally evaluated owing to the financial failure of the develop-
ing company [33]. However, this interest underscores the 
clinical potential of this HAP class. The optimization of both 
the nitrobenzylcarbamate hypoxia trigger and BSH should 
enable the design and synthesis of HAPs with significantly 
superior performance to that of KS119/KS119W and other 
HAP designs. The high frequency of therapeutic limitations 
arising from HTRs means that such agents would be ex-

 
Fig (4). HAP structure, activation mechanism, and hydrophobic switch. (A) BSH warhead liberation occurs selectively under hypoxia due to 
a large reduction in the rate of the O2 dependent back oxidation reaction. The BSH liberation reaction sequence is then anticipated to occur 
largely within the activating cell because the radical anions are charged (low permeability) [44]; and the subsequent steps are very rapid 
[30,41]. Hence, activating cells are likely to approximate to ‘point sources’ of cell permeable BSHs. Einstein’s diffusion approximation 
equation t ≈ (Δx)2/2D gives the average time (t), it takes a molecule to diffuse a distance (Δx) in one dimension, where D = the diffusion 
coefficient [45]. Since the required diffusion time increases with the square of the distance, diffusion is rapid over very short distances but 
slows disproportionately as the distance increases. The half-life of the BSH limits travel time, essentially confining the cytotoxicity to a 
sphere around a point source of constant BSH generation. (B) The diffusion coefficient of small molecules through multi-cell layers (DMCL) 
unlike that in pure aqueous solutions (D) is highly dependent upon the molecule’s hydrophobicity and exhibits a sigmodial relationship with 
respect to logP [29]. Hydrophilic molecules have DMCL values ~ 40 to 50-fold lower than that in pure water, whereas hydrophobic mole-
cules have values only 3 to 5-fold lower [29]. The HAP KS119 has a logP of +2.18 (calculated logP (clogP) +1.99), suggesting it should 
readily penetrate tissues, whereas the relatively hydrophilic active ‘warhead’ liberated on reductive activation has a clogP of -1.32 that 
should impede its escape. This switch in hydrophobicity is expected to aid in the retention of HTR targeted BSH warheads by slowing their 
escape via diffusion, thus giving them more time to react and exert their cytotoxic action.
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pected to have extensive clinical utility. Moreover, HAPs 
with the tight activity zones possible with BSH warheads are 
also likely to be of utility in approaches where prodrug-
activating enzymes are selectively delivered to or expressed 
in tumor tissues using modified macrophages, bacteria, ge-
netic, or nanoparticle approaches. The use of bacterial two 
electron nitroreductases (not present in mammalian cells) 
would allow nitrobenzylcarbamate based prodrugs to be se-
lectively activated in tumor tissues in an O2 concentration 
independent manner, expanding their utility beyond tumors 
containing HTRs. Bioreductively or otherwise activated 
BSH-prodrugs with adjustable bystander kill would mesh 
well with these developing anticancer strategies that function 
as tumor targeted ‘molecular-trucks’ as these approaches 
need to ultimately generate a tumor confined effect, rather 
than selectively deliver something that then immediately 
redistributes.  

4. HAP STRUCTURE, REDUCTION RATE, O2 INHI-

BITION SENSITIVITY, AND OPTIMAL ACTIVITY 

RADII 

 Flexible HAPs are composed of three independently tun-
able primary domains, a trigger region, a linker region and a 
cytotoxic warhead domain [33, 41, 43-46] (Fig. 4). The trig-
ger (the O2 sensing domain) undergoes one electron reduc-
tion to form a radical anion by enzymes such as cytochrome 
P450 reductase [33, 43, 44]. This radical anion is briskly 
oxidized by O2 to regenerate the parental HAP under oxic 
conditions. Thus, further reduction, resulting in linker frag-
mentation and the release of the warhead, can only occur 
readily under hypoxic conditions. In an in vivo situation, 
HAPs require a slow initial one electron reduction rate to 
avoid agent activation prior to full HTR penetration. This 
sets a functional window for HAP one electron reduction 
potential. Earlier HAP designs despite exhibiting large hy-
poxic/oxic activation rate differentials in various cell line 
suspensions and excelling in several in vitro assays [31, 33] 
failed to deliver in in vivo assays. This is because a large fold 
hypoxic/oxic activation rate differential cannot be mani-
fested as a therapeutic advantage unless the oxic activation 
rate is low, since there must be sufficient time as to allow the 
parental HAP to equilibrate with tumor tissue, and for the 
hypoxic activation to act as a HAP sink. In tissues, the cell 
densities are more than 100-fold greater than in most in vitro 
experimental conditions. This results in a proportional in-
crease in the rate of HAP metabolism, causing the HAP to be 
expended prior to reaching even modestly HTRs [30, 31]. 
Thus, low normoxic activation/metabolism rates are impera-
tive for successful in vivo targeting of hypoxic cells. To 
achieve such low normoxic activation rates at physiological 
cell densities, HAPs require one electron reduction potentials 
at pH 7.0 (E7

1) of < -350 mV. At the other extreme, agents 
with E7

1 values < -470 mV are usually not reduced at all by 
mammalian cells resulting in a loss of O2 concentration sen-
sitive activation. This sets a functional window for HAP E7

1 
values of between ~ -470 mV up to -350 mV. There is a 
strong correlation between E7

1 values and half-wave reduc-
tion potentials (E7

1/2) [45] for nitroheterocycles and nitroben-
zenes; and the corresponding E7

1/2 value window versus an 
Ag/AgCl (saturated KCl) reference electrode is ~ -400 mV 
up to -280 mV. This entire functional range can easily be 

encompassed by substituted derivatives nitrobenzene triggers 
[49]. The HAP’s one electron reduction potential has an ad-
ditional important consequence in that it, for the most part, 
determines the rate of the restitution reaction (that is the rate 
of reaction of the initial radical anion product with O2) [50]. 
The lower the one electron reduction potential is, the faster 
the restitution rate. The relative rate of the restitution reac-
tion in competition with its loss via further reduc-
tion/dismutation etc. (net activation pathway) determines the 
HAP’s sensitivity for O2 concentration inhibition of activa-
tion. While the restitution reaction rate is not the sole deter-
minant of O2 sensitivity, lower reduction potentials tend to 
result in a greater sensitivity to O2 concentration. A value 
KO2 can be defined as the O2 concentration that inhibits HAP 
activation by 50% of its anoxic rate under test conditions  
[8, 50]. Ideally, the KO2 value should be sufficiently lower 
than normal physiological O2 levels to minimize toxicity to 
normal cells, while resulting in therapeutic agent delivery to 
hypoxic tumor regions that mirror the O2 concentration de-
pendency of radiation sensitivity, that is exposing the most 
hypoxic/radiation resistant cells to the greatest pharmacol-
ogical cytotoxic stress. Therefore, a KO2 value of ~ 4 μM 
would appear to be preferable if judged solely on this crite-
rion. The reductively activated antibiotic nitrofurazone ex-
hibits a KO2 that closely matches the half maximal radiation 
sensitizing O2 concentration (Fig. 1B) [11]. Radiation, cou-
pled with a HAP with a KO2 of ~ 4 μM, could theoretically 
level cell kill across relevant degrees of oxygenation if its 
cytotoxic actions remained largely confined to the activating 
cells (~ 10 μm radius). However, if the cytotoxic activity can 
escape the activating cells into more oxygenated areas (or 
reach capillaries and get fast tracked away), the resulting 
redistribution would eradicate the appropriate hypoxic pro-
portionality of its cytotoxicity, and result in a cubic dilution 
of the desired cytotoxic stress on the target cells with the 
expanding sphere of activity. To exhibit near cellular con-
finement, the activated agent/warhead would require an ex-
tremely short half-life (most likely < 0.5 s, even for a low 
permeability polar molecule) or be impermeable. These pa-
rameters (HAP KO2 ~ 4 μM, coupled with a sufficiently slow 
reduction rate, and post-activation t1/2 < 0.5 s) are likely to be 
very difficult to achieve. However, there are several reasons 
why picking agents with more readily attainable, KO2 [8, 50, 
51] and half-life values would be better. Harder to reduce 
agents (those with more negative one electron reduction po-
tentials and generally lower KO2 values) tend to exhibit lower 
toxicities to normoxic tissues and better hypoxic/oxic selec-
tivity, in addition to gaining a desirable slower initiating one 
electron reduction rate that permits better tumor penetra-
tion/equilibration [30, 31]. To match this more extreme hy-
poxia activation preference, such agents would benefit from 
liberating a longer-lived cytotoxic BSH (again within a more 
easily attainable range) to impart a bystander kill to their 
immediately flanking less hypoxic neighbors. The liberation 
of a short-lived cytotoxin in strongly hypoxic regions with a 
cytotoxic activity radius of only ~ 30 - 50 μm would easily 
expand its reach to encompass bordering, more mildly hy-
poxic/radiation resistant regions. This is because the diffu-
sion range of O2 is < 100 μm, and a relatively linear O2 con-
centration gradient from ~ 15 - 40 μM near capillaries to 
anoxia occurs over this span [42] and radioresistance would 
largely increase over the lower one third of this O2 concen-
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tration range (Fig. 1B). Hence a progressive attenuation of 
radiation dependent tumor cell kill occurs beyond ~ 70 µm 
from capillaries (~ 30 µm from the anoxic border) (Fig. 5).  
A cytotoxic activity radius much greater than ~ 30 - 50 μm 
would be increasingly detrimental to the HAP’s performance 
because as the bystander kill radius is expanded, there is a 
large cubic dilution in the cytotoxic stress delivered per unit 
volume, coupled with the loss of significant amounts of ac-
tive cytotoxin to the capillary networks, where it is ‘fast 
tracked’ for systemic distribution. Thus the activated HAP 
should have a < 10 to 50 μm activity range depending upon 
the prodrugs KO2 value (4 to < 1 μM). It should be noted that 
the KO2 value is not a threshold and that increased activation 
is apparent long before the KO2 value is reached (Fig. 1B, 
Fig. 5), and preferential activation will still occur (at lower 
rates) in more mildly radiation resistant regions even if the 
KO2 value is considerably < 4 μM. However, activation at 
lower rates, especially by small clusters of marginally hy-
poxic cells, would strongly benefit from an activity radius 
that prevents the excessive loss of cytotoxic activity into 
surrounding areas. This would occur in areas of intermediate 
ICDs where cells with somewhat increased radiation resis-
tance may not border on large hypoxic, strongly HAP acti-
vating regions with a robust bystander kill effect (see later). 
Thus, the largest BSH activity radius to optimally augment 
radiotherapy is likely to be much smaller than those pos-
sessed by KS119/KS119W, which liberate 90CE (half-life 
~30 s) (Fig. 5). Extremely short BSH activity ranges (< 10 
μm) that confine the cytotoxicity to individual activating 
cells may have a greater tendency to lead to resistance in a 
similar manner to that observed with molecularly targeted 
agents by selecting for low sensitivity/low activating indi-
vidual cells. However, with longer activity range warheads, a 
cell’s experienced cytotoxic stress is not greatly influenced 
by its own HAP activation (see later modeling). 

5. BSH HALF-LIFE AND MULTI-CELL LAYER DIF-

FUSION COEFFICIENT (DMCL) DETERMINE THE 

ACTIVITY RADIUS 

 The liberation of the BSH warhead subsequent to the 
initiating one electron reduction of KS119 under hypoxic 
conditions (Fig. 4A) likely occurs largely within the activat-
ing cell for the following reasons: - (a) Nitrobenzene radical 
anions pKa values are between 2.2 to 3.9 [47] and are there-
fore fully charged at cellular pH values and of low mem-
brane permeability. (b) The subsequent stepwise reduction to 
give the unstable hydroxylamino and amino products is very 
rapid. This process is presently not fully understood but ap-
pears to involve disproportionation and a series of radical 
reactions/one electron reductions [52]. Thus, cytochrome 
P450 reductase (and xanthine/xanthine oxidase) reduction of 
nitrobenzene (a model of the nitrobenzylcarbamate trig-
ger/linker) results in mixtures of untouched starting material 
and hydroxylamino and amino products, but no intermedi-
ately reduced species are detected [41]. (c) When KS119 is 
‘flash reduced’ (Zn/EDTA), the kinetics of the loss in DNA 
cross-linking capacity on aging match the half-life of 90CE 
(t1/2 ~ 30 s) (the liberated BSH) [44]. Therefore, the fragmen-
tation of the unstable reduced form(s) to liberate 90CE is 
much faster than the decomposition of the liberated BSH 
(90CE) itself. Thus individual activating cells likely ap-
proximate to ‘point sources’ of short-lived BSH. Therefore, 
the half-life of the liberated BSH and its tissue/Multi-Cell 
Layer (MCL) diffusion coefficient DMCL will essentially de-
termine the activity radius of the activated HAP. Of these 
factors, the BSH half-life is likely to be the largest determi-
nant since it is tunable over at least a 50-fold range (Fig. 3). 
The DMCL of a molecule is a function of both its molecular 
size and partition coefficient [12], and since the molecular 
weight range of the BSHs of interest is relatively small, this 
factor will have little overall effect. Large differentials in 

 
Fig. (5). Graphical illustration of the relationship between ICD, O2 concentration, O2 enhancement of X-ray sensitivity, and the activation of 
HAPs with KO2 values of 0.1 and 4 µM in a section of tumor tissue with an ICD of ~ 300 µm. A linear O2 concentration gradient down to 
zero over 100 µm is assumed. Since the O2 enhancement of X-ray sensitivity occurs over a narrow (~ 0-10 µM) O2 concentration range, X-
ray resistance increases progressively beginning at ~ 70 µm from capillaries and extending through the anoxic region. If HAP activation was 
essentially restricted to the anoxic region (very low KO2 value) a bystander kill range of only about ~ 30 µm would be required to extend its 
reach to cover cells with significantly increase radioresistance, and an agent with a KO2 value of 4 µM would require little or no bystander 
kill to level cell kill over a 0-10 µM O2 concentration range. The calculated minimum activity range of 90CE (point of ~ 90% activity dissi-
pation) is ~ 112 µm from its point of generation, this is overly long even when generated by a HAP with KO2 of ~ 0.1 µM. The predominant 
hypoxic location of cancer stem cells is also indicated. 
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partition coefficient (2.5 logs) can result in equivalently sized 
molecules differing by as much as 15-fold in their DMCL [12]. 
However, BSHs have an acidic N-2 proton with pKa values a 
little below neutrality (Fig. 3) and this tends to reduce their 
logP and place them towards the lower permeability end of the 
sigmoidal log DMCL versus logP curve (Fig. 4).  

6. KS119 CHARACTERISTICS AND FLAWS 

 Despite the fact that KS119 and its water soluble analog 
KS119W exhibited remarkable performances in some in 
vitro and in vivo assays (Fig. 6) [44, 53], they have consider-
able potential for improvement as several of their key phys-
icochemical parameters appear to be non-optimal. This is in 
part due to the fact that some in vitro assays fail to ade-
quately test several critical factors. The spectacular in vitro > 
5-log hypoxic/oxic cell kill selectivity of KS119 our proto-
type HAP [29] is likely difficult to exceed. However, this 
type of assay (Fig. 6 Panel A) is an inaccurate representation 
of KS119’s in vivo hypoxic/oxic discrimination (Fig. 6 Panel 
B) because it essentially neglects the importance of both the 
KO2 value and the cytotoxic BSH activity range. In this as-
say, there are only two oxygen values, normoxia and near 
anoxia, so virtually any KO2 value would function equiva-
lently. Additionally, the long incubation (2 h) in a closed 
system is blind to the weaknesses of longer-lived BSHs since 
they cannot be lost to other cell populations (the normoxic 
control flask), and there is no reference to gauge warhead 
potency loss due to escape from activating cells and reaction 
in the surrounding incubation media. Thus, optimized HAPs 
need evaluation based on direct measurements of these pa-
rameters and the use of the more astute in vitro/in vivo assay 
(Fig 6. Panel B). Our recent studies concerning the modeled 
activity radius of BSH warheads, KS119/KS119W stability, 
activation rates, and solubility have pointed the way to de-
sign significantly superior KS119/KS119W analogs. 

7. CORRELATING BSH HALF-LIFE WITH CYTO-

TOXIC ACTIVITY RADIUS/RANGE  

 If we assume that a permeable, relatively slow metabo-
lized HAP is uniformly distributed throughout a tumor, and 
that a hypoxic cell by slowly activating this agent acts as a 
‘point source’ of short-lived BSHs with a defined half-life, 
then it can be shown by applying Fick’s second law of diffu-
sion that the steady-state concentration of BSH at a distance 
Δx from the point source of continuous generation can be 
described by the below equation [54]. 

  [BSH]X = [BSH]0 exp[(-1n 2)(ΔX) / 2DMCLt1 / 2]  
Where, [BSH]X = the concentration of BSH at a distance Δx 
from the point source; [BSH]0 = the concentration of BSH at 
the point source of constant generation; DMCL = the multi-
cell layer diffusion coefficient of the BSH; and t1/2 = the 
half-life of the BSH. This modeling approach has been pre-
viously used to investigate the range of action of the short-
lived signaling molecule nitric oxide (NO) from NO generat-
ing cells [55]. Diffusion coefficients in free aqueous solu-
tions at 37°C can be predicted (with reasonable accuracy) 
using the relationship described by Hobbie [56], where the 
aqueous diffusion coefficient is a function of molecular size 
and temperature. For 90CE, this value calculates to be 913 

µm2s-1 and very similar values (within 20%) are calculated 
for other BSHs. Using the simple methodology described by 
Crooks [57] and acidified solutions (pH ≤ 3.0 to block BSH 
activation/decomposition), these diffusion coefficients could 
be easily measured directly. Diffusion through cells and tis-
sues is generally a slower process because of a number of 
factors, including the need to traverse multiple membranes, 
cytoplasmic viscosity, etc. 

 
Fig (6). KS119 in vitro and in vivo hypoxia selective cytotoxicity. 
A: KS119 demonstrates a very strong in vitro hypoxia selective 
toxicity towards EMT6 cells, with 50 µM KS119 producing ~ 5 
logs of cell kill under hypoxia in 2 h; whereas no discernable nor-
moxic cell kill is observed. B: KS119 demonstrates in vivo en-
hancement of the effects of radiation. The surviving fraction of 
EMT6 cells isolated from established tumors (150 mm3) in BALB/c 
mice post in vivo treatments with KS119 and X-rays combinations 
was measured. The x-ray dose was sufficient to virtually eradicate 
the oxic fraction. Thus the cells that survive this exposure (~ 4%) 
represent the hypoxic fraction. KS119 alone results in little tumor 
cell kill, but the combined treatment results in only a very small 
surviving fraction. These results are consistent with KS119 prefer-
entially targeting hypoxic tumor regions, coupled with the by-
stander kill of bordering normoxic regions, and a small proportion 
of cells escaping both modalities. Theoretical modeling of 90CE 
delivery provides a possible explanation for how aerobic cell popu-
lations closely associated with hypoxic regions areas can be heavily 
targeted and yet some very small hypoxic cell populations can 
evade killing, and drug design changes to remedy this flaw.

 Thus, diffusion through Multi-Cell Layers (MCLs), un-
like that in purely aqueous media, is strongly influenced by a 
molecule’s partition coefficient [9]. Small lipophilic mole-
cules with logP values > ~ +1.5 traverse cell layers relatively 
rapidly, at up to 1/3rd of their aqueous solution diffusion co-
efficient controlled rate, whereas small relatively hydrophilic 
molecules with logP values < ~ -1.0 traverse cell layers a 
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further 15-fold slower (45-fold slower than their equivalent 
aqueous solution diffusion rate). Either side of this -1.0 to 
+1.5 logP range, little change in the MCL diffusion coeffi-
cient (DMCL) occurs with respect to further decreases or in-
creases in lipophilicity [12]. The very short half-lives of 
BSHs (the ones we are interested in are all ≤ 30 s) at physio-
logical temperature and pH prevent the direct measurement 
of their DMCL values. However, since the calculated logP 
(clogP) values for 90CE (Fig. 4) and closely related BSHs 
place them at the hydrophilic end of the sigmoidal step 
(clogP ~ -1.0), a value of ~20 µm2s-1 would seem to repre-
sent a reasonable minimum estimate for their DMCL values. 
The use of closely related but stable BSH analogues may 
allow a more precise experimental estimation of DMCL val-
ues; but this minimum DMCL value is a useful starting point 
for initial approximations of the minimum cytotoxic activity 
range of a point source of 90CE and related BSHs. A BSH 
DMCL value of ~20 µm2s-1 requires a half-life of ≤ 0.5 sec-
onds to confine the majority of the cytotoxic action to the 
source cell, assuming an average cell is approximately a 20 
µm sphere (Fig. 7), and a BSH such as 90CE with a half-life 
of ~ 30 s appears to have too large a zone of activity to be 
close to optimal for precisely targeting hypoxic regions, 
likely resulting in unnecessary loss of material from the hy-
poxic target and into the capillary network (Fig. 5). Each 

time the radius of the activity zone is doubled, there is an 8-
fold drop in the cytotoxic stress experienced by a single acti-
vating cell. However, when the zone of activity has a large 
radius, as with 90CE, the additive effect of co-activating 
neighbors can be very significant, and with large 3-
dimensional clusters, the bystander effect can be magnified 
several hundred fold (Fig. 8). These effects would result in 
very small isolated hypoxic cell clusters receiving much 
smaller non-lethal BSH exposures while large clusters of 
hypoxic cells and their flanking oxic neighbors received le-
thal doses. These predictions match the experimental obser-
vations in our in vivo treatment of EMT6 tumors with KS119 
and x-radiation (Fig. 6 panel B), where KS119 alone killed 
in excess of the radiation resistant hypoxic fraction, yet in 
the combined treatment, a small fraction escapes the cidal 
effects of both modalities. A BSH with a half-life between 2-
8 s would be expected to resolve such problems. It is realized 
that other factors such as dynamic hypoxic regions arising 
from temporal variations in blood flow [58] (oxic during 
KS119 treatment, but hypoxic during radiation exposure) 
could provide alternative explanations, especially if the bio-
logical half-life of the HAP (in this case KS119) was short. 
Our modeling of the activity zones of BSHs strongly sug-
gests that the BSH must possess a very much shorter t1/2 
value than used in previous designs to function optimally in 

 

 
Fig. (7). HAP warhead half-life, activity radii, bystander effects and biological implications. A: Visual depiction of a HAP activating cell 
generating BSH warheads with various activity radii. To double the activity radius requires a 4-fold increase in half-life. The peak height is 
approximately proportional to the cytotoxic activity, with equivalent quantities of BSH reacting in spheres with volumes in the ratio of 1 : 8 : 
64. Thus, long-lived BSHs have lower potencies when considering a single isolated activating cell but longer range bystander effects. B: If a 
hypoxic cell acts as a ‘point source’ of constant production of short-lived BSHs, it can be shown by applying Fick’s second law of diffusion 
that the steady-state concentration of BSH (cytotoxic stress) at a distance Δx can be described by the equation in panel B [45]. This modeling 
approach has been previously used to investigate the range of action of the short-lived signaling molecules [46]. Graphs C to F represent the 
calculated effects using the relationship in B of five 20 µm diameter activating cells in a linear conformation on the cytotoxic stress, a tissue 
diffusion coefficient (estimate based on typical BSH MW and cLogP) of 20 µm2s-1 and half-lives of ~ 0.5 s, 2 s, 8 s and 30 s were used, re-
spectively. The activity due to each cell and the combined activity are shown with solid and dashed lines, respectively. The Y-axes compare 
the relative cytotoxic stress to the peak value generated by an isolated cell and are not equivalent between graphs C to E. A half-life of < 0.5 s 
essentially confines the cytotoxic stress to the activating cell, as the half-life is increased, so is the contribution from neighboring cells to-
wards the total cytotoxicity. F: corresponds to 90CE (half-life ~30 s [30]), the ‘warhead’ used in KS119. These short linear strings are mas-
sive understatements of the expected additive effects experienced in large 3-dimensional cell clusters for BSHs possessing large activity radii 
where 100’s of cells can contribute to the aggregate cytotoxicity, increasing it by > 100-fold. 
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Fig (8). The effects of activating cell community size and conformation on the cytotoxicity experienced by central (and peripheral) cells to 
intracellularly generated 90CE. A: Left: A single 20 µm diameter cell acting as a point source of 90CE, the relative steady-state 90CE con-
centrations at various distances from the point source are based on a half-life of 30s and a tissue diffusion coefficient of 20 µm2s-1. The point 
source 90CE concentration has an assigned peak value of 1.0. Right: The cytotoxicity experienced by the central cell of a linear conformation 
of cells (as shown left) increases with shell number (cells added to either side) and tends to a maximum value of ~ 5-fold that of an isolated 
cell (1 unit generated internally and ~ 4 units from bystander delivery). A cell at the periphery experiences a maximum value of ~ 3-fold that 
of an isolated cell (1 unit generated internally and ~ 2 units from bystander delivery). Cells experience an increase in cytotoxic stress (90CE 
concentration) moving through the peripheral layers towards the center, the dashed curves represent cell depths of 1, 2, 3, and 4 cells inboard 
of the peripheral cell. B: The cytotoxicity derived from the bystander effect is greatly magnified in a two-dimensional layer of cells. Using a 
loose 'square pack' of spherical cells, the number of neighboring cells in shells 1, 2, 3, and 4 is 6, 12, 18, and 24. This results in a large in-
crease in the bystander effect in terms of magnitude and range. The peak cytotoxic stress tends to a value of ~ 38-fold greater at the center 
than an isolated activating cell would experience, and now the relatively distal shell # 3 is the greatest contributor to the bystander effect 
rather than the nearest neighbor shell as in the linear conformation ‘A’. C: In a three-dimensional configuration, using a simple 'cubic pack' of 
spherical cells in each shell layer (cells occupy ~ 52% of the volume, likely an underestimate), the number of neighboring cells in each shell 
increases even more dramatically resulting in the peak cytotoxic stress tending to a value of ~ 390-fold greater at the center than an isolated 
activating cell would experience, and now the relatively distal shell # 5 is the greatest contributor to the bystander effect experienced by the 
central cell. In the center of large activating cell clusters, the cytotoxicity experienced would be comparable to an extremely short-lived BSH 
where it essentially all reacts within the activating cell. A cell positioned on the surface of a large 3-dimensional activating cell cluster could 
receive > 150-fold times the cytotoxic stress of an isolated activating cell (whether it was an activating cell or not), and this halo of activity 
would extend well beyond the activating cell cluster, still exceeding a value of 10-fold at ~ 135 µm.

conjunction with radiation, and, in particular, to demonstrate 
strong activity against small hypoxic cell clusters. A shorten-
ing of the BSH t1/2 from 30 s (in KS119) to ~ 5 s should in-
crease the cytotoxic stress on individual activating cells ~ 
14-fold and still provide a robust bystander effect of suffi-
cient range to reach more mildly hypoxic neighbors, whilst 
essentially eliminating loss to the capillary networks. A HAP 
generating a BSH with a t1/2 of ~5s would still possess a cell 
community dependent cell kill that should minimize the se-
lection for non-HAP activating individual cells. 

8. THE NITROBENZYLCARBAMATE TRIGGER 

ADVANTAGE, AND IMPROVED FOURTH SOLUBI-

LIZING DOMAIN DESIGNS 

 Our KS119 nitrobenzylcarbamate trigger was a modifica-
tion of an earlier design used in PNBC (1,2-
bis(methylsulfonyl)-1-(2-chloroethyl)-2-[(4-nitrobenzyloxy) 
carbonyl]hydrazine), a closely related agent of lower hy-
poxic/oxic selectivity [43, 44]. The trigger in PNBC lacks 
the shielding methyl group on the methylene carbon adjacent 
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to the linker region (Fig. 9) and as such, in addition to reduc-
tive activation, is subject to SN2 nucleophilic attack at the 
methylene carbon (e.g., by glutathione/glutathione-S-
transterases etc.) [43, 44]. This can result in the release of the 
warhead in the absence of reduction [40, 56]. The addition of 
the shielding methyl group in KS119 blocked this mode of 
activation, and significantly increased the hypoxic/oxic se-
lectivity [43, 44]. In addition to its enhanced resistance to 
other routes of activation, this trigger type offers relatively 
simple chemistry, the widest range of reduction potential 
tuning, and generates a highly desired hydrophobic to hydro-
philic transition (when coupled to BSHs) upon activation 
(Fig. 4). In the case of KS119, the logP value (~ 2.18) is 
shifted compared to its liberated BSH (90CE, clogP -1.32) 
by ~ 3.5. This nicely moves the warhead bearing this trigger 
from the relatively hydrophilic slowly diffusing side of the -
1.0 to +1.5 logP sigmoid step to the rapidly diffusing hydro-
phobic side in the HAP form. Thus, the HAP form should 
rapidly diffuse throughout tumor tissue, whereas the ‘free’ 
BSH should be relatively retained. HAPs based on the far 
more polar 2-nitroimadozole triggers do not result in such 
favorable clogP shifts on activation in either magnitude or 
appropriate direction. The high hydrophobicity of KS119 
comes at the price of limited solubility, which, while still 
permitting in vitro studies, and in vivo murine studies using 
DMSO as a vehicle, would present problems for clinical 
evaluation. Vion Pharmaceuticals attempted to solve this 
issue by incorporating a serum phosphatase cleavable phos-
phate group ortho to the nitro group as a 4th solubilizing 
domain [33]. The resultant molecule, as expected, was highly 
soluble, permitting facile formulation. The phosphate group 
as per design was rapidly cleaved by serum phosphatases to 
yield the hydroxyl form KS119WOH after intravenous ad-
ministration (Fig. 9). However, this design resulted in a new 
problem since dephosphorylation of KS119W to yield 
KS119WOH resulted in the generation of a phenolic hy-
droxyl ortho to a nitro group and was thus at least partially 

charged at physiological pH due to resonance stabilization 
(Fig. 9). This change likely impaired tumor penetration and 
offsets some of the benefits of enhanced solubility. The net 
result was a soluble agent, which only performed compara-
bly to KS119 in vivo/in vitro models [53]. Additionally, the 
intrinsic stability of KS119WOH was lower than that of 
KS119 [45]. A design with a -CH2- spacer between the 
phosphate (or a thiophosphate) and the phenyl moiety would 
retain the high solubility of KS119W, and minimally perturb 
the hydrophobicity (and stability) of KS119 once the phos-
phate was cleaved (Fig. 9). With this refinement, redox po-
tential optimized nitrobenzylcarbamates would be expected 
to significantly exceed the performances of both these previ-
ous trigger domain designs (Fig. 9).  

9. POTENTIAL FOR SYNERGISTIC INTERACTIONS 

BETWEEN HYPOXIA TARGETED METHYLATING 
AND CHLOROETHYLATING BSH BASED HAPS  

 This approach doubly exploits hypoxic targeting using 
two hypoxia selective synergistic agents, the first to selec-
tively impair MGMT activity (liberating a guanine O-6 
methylating BSH), the second to exploit this induced deficit 
with a guanine O-6 chloroethylating BSH. The cytotoxic 
effects of methylation and 2-chloroethylation at guanine O-6 
differ in important aspects. O6-methylguanine is rapidly re-
paired/titrated by MGMT and O6-methylguanine lesions only 
persist and result in toxic actions if the number of methyla-
tions exceeds the number of MGMT molecules by ~ 5,000 
lesions [36, 60]. Thus guanine O-6 methylators are of rela-
tively low toxicity, but are superb MGMT depletors. In con-
trast, O6-chloroethylguanine undergoes a spontaneous rear-
rangement to produce the highly lethal G-C ethane cross-
link, which cannot be repaired by MGMT [33]. For a cell to 
survive, a large excess of MGMT molecules relative to the 
number of chloroethyl lesions is required to produce a repair 
rate that clears the cross-link precursor lesions before a small 

 
Fig. (9). KS119 analogs. A: The structures of KS119 and PNBC. The position of the SN2 nucleophilic attack blocking methyl group on the 
methylene carbon in KS119 is indicated by a red box. B: The structure of KS119W (the water-soluble KS119 analog) and the removal of the 
solubilizing phosphate group by serum phosphatase to yield KS119WOH a charged anionic HAP species at physiological pH values. C: The 
structure of a KS119W analog that circumvents the undesired generation of a charge HAP at physiological pH values.
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(~ 10) but lethal quantity transition into cross-links [61]. 
Two competing reactions determine the fate of the initial 
lesion, progression to cross-links, the rate of which is deter-
mined by chemical kinetics, and MGMT mediated repair, the 
rate of which is determined by the MGMT level. Thus, the 
sequential delivery of methylating followed by chloroethy-
lating insults can result in profoundly synergistic cytotoxic-
ity due to the efficient MGMT ablation by the low toxicity 
methylator sensitizing the cells to the far more cytotoxic 
chloroethylator [62]. Therefore, the use of two similar HAPs 
independently delivering methylating and chloroethylating 
cytotoxic stress to HTRs would be expected to be a potent 
cytotoxic combination to use in conjunction with radiation. 

CONCLUSION 

 Earlier work by our laboratory produced the agent laro-
mustine (1,2-bis(methylsulfonyl)-1-(2-chloroethyl)-2-[(me- 
thylamino)carbonyl]hydrazine, also known as cloretazine, 
onrigin, VNP40101M, 101M). This agent exhibited superior 
activity to other sulfonylhydrazine prodrugs. This enhanced 
activity is believed to be the consequence of targeting the 
higher intracellular pH values (pHi) of cancer cells [63]. 
Laromustine was activated significantly faster at these higher 
pH values, releasing a short-lived bis(sulfonyl)hydrazine 
(1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazine), largely 
confining its activity to within close proximity of its site of 
activation and increasing the therapeutic activity. The suc-
cess of laromustine leads us examining the possibility of 
using other tumor selective mechanisms to release short-
lived bis(sulfonyl)hydrazines and, thus, selectively targeting 
these tumor markers. We believe that by the exploitation of 
the tunable short half-lives of bis(sulfonyl)hydrazines, the 
chemotherapeutic activity can be precisely targeted. 
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