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Abstract Gamma radiation is widely used to sterilize

bone allografts but may impair their strength. While ra-

dioprotectant use may reduce radiation damage they may

compromise sterility by protecting pathogens. We assessed

the radioprotective potential of various agents (L-cysteine,

N-acetyl-L-cysteine, L-cysteine-ethyl-ester and L-cysteine-

methyl-ester) to identify those which do not protect spores

of Bacillus subtilis. We hypothesized charge of these

agents will affect their ability to radioprotect spores. We

also determined ability of these radioprotectants and a

radiosensitizer (nitroimidazole-linked phenanthridinium) to

selectively sensitize spores to radiation damage by inter-

calating into the nucleic acid of spores. Spores were treated

either directly in solutions of these agents or treated after

being embedded and sealed in bone to assess the ability of

these agents to diffuse into bone. L-cysteine and L-cyste-

ine-ethyl-ester did not provide radioprotection. Positively

charged L-cysteine-methyl-ester protected the spores,

whereas positively charged L-cysteine-ethyl-ester did not,

indicating charge does not determine the extent of radio-

protection. The spores were sensitized to radiation damage

when irradiated in nitroimidazole-linked phenanthridinium

solution and sensitization disappeared after rinsing, sug-

gesting nitroimidazole-linked phenanthridinium was

unable to intercalate into the nucleic acid of the spores.

Some cysteine-derived radioprotectants do not shield bac-

terial spores against gamma radiation and may be suitable

for curbing the radiation damage to bone grafts while

achieving sterility.

Introduction

In 2002, an estimated 1.2 million bone allograft procedures

were performed in the United States for repair or recon-

struction of skeletal defects [19]. Although allografts are

generally considered safe, isolated reports on transmission

of viral and bacterial pathogens through allograft trans-

plantation have been well documented, especially for

osteochondral and soft tissue grafts which undergo more

limited aseptic processing than bones [6, 10, 12–17, 20, 45,

48]. The current practice for minimization of disease

transmission and infection includes donor screening,

serology testing, and treatment with antimicrobial solu-

tions. Donor history is not always available in detail or the

available knowledge does not always preclude the risk of

contamination. The serology testing is not free of errors

such that it may provide false negatives or bacteriostasis

may elude serological tests. On certain occasions, even if

the source tissue is clean, infectious agents could be

introduced to the graft during handling, processing or

storage. Therefore, the aseptic processing is sometimes

supplemented with terminal sterilization to assure the

sterility.

Gamma radiation has been a popular method for steril-

ization of allografts as a result of its efficacy in viral and

bacterial bioburden reduction with high penetration depth

[8, 9, 11]. However, in vitro mechanical tests document

that gamma radiation impairs the mechanical properties of
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bone [2, 4, 8, 33, 39] in a dose-dependent [5, 25] and state-

dependent fashion [32]. Clinical followup of irradiated

massive allografts has confirmed these in vitro tests by

reporting a greater incidence of failure for radiated allo-

grafts [36]. Therefore, beneficial effects of gamma

radiation on sterility must be balanced with its deleterious

effects on graft stability. The major damage to biomole-

cules is induced by free radicals resulting from the

radiolysis of water molecules during gamma radiation [31,

46] which react with target molecules and produce irre-

coverable changes in the target molecules’ chemical

structure [31]. In particular, the hydroxyl (-OH•) free

radical induces the greater portion of damage during

gamma radiation [3, 45, 46, 50]. Although the exact

mechanisms by which gamma radiation impairs bone

matrix are not completely understood, recent research

supports the hypothesis that gamma radiation-induced

allograft damage is caused, in part, by free radical attack to

the molecular structure of collagen [3, 34].

Targeting the damaging free radicals with the use of

radioprotecting free radical scavengers is emerging as a

method for countering the damaging effects of gamma

radiation [3, 29, 30, 42]. Cortical bone irradiated in the

presence of the radioprotectant thiourea has superior bio-

chemical and biomechanical properties compared to

cortical bone irradiated in the absence of thiourea [3]. The

beneficial effect of radioprotectants notwithstanding, there

also exists the potential unintended consequence of radio-

protection of pathogenic organisms that should be

eradicated. In the light of the existing knowledge, we are

faced with the problem of identifying whether radiopro-

tectants impair the sterility of allografts.

Our first hypothesis was the potential of a given chem-

ical agent to radioprotect bacterial spores (measured in

terms of spore counts) will be a function of the chemical

agent’s charge. The second hypothesis was bacterial spores

can be selectively rendered susceptible to radiation damage

by using radiosensitizers which target the DNA/RNA of

spores. Finally, we had the technical aim of assessing the

ability of several radioprotectants and a radiosensitizer

agent to diffuse through bone matrix to elicit their effects

on bacterial spores embedded in bone.

Materials and Methods

The key dependent variable involved in this study was the

spore count and the independent variables were radiation,

chemical treatment and the mode of treatment (in solution

versus embedded in bone). Experiments were performed to

assess (1) the baseline effects of cysteine derivatives and

nitroimidazole-linked phenanthridinium (NLP) on bacterial

spores, (2) the radioprotective and radiosensitizer effects

on spores when irradiated while immersed in solutions and

(3) the effects of radioprotectant and radiosensitizer on the

spores embedded and isolated in bone and then immersed

in solution (thereby access of agent to strip is by way of

diffusion through the bone matrix). Should these agents

diffuse through the matrix, then the baseline effects of

agents would be similar. The power provided by four

samples/group for comparison of five groups was obtained

as 84% assuming the following: the maximum difference

between any two groups is 3-logs and typical standard

deviation was about 1-log. These assumptions were cor-

roborated by the later results.

The ideal radioprotectant for bone allograft treatment

should: (1) be biocompatible; (2) diffuse into bone matrix;

(3) not protect the pathogens; and (4) dissolve in water.

L-cysteine, which is water-soluble (according to the 2001

Merck Index), is a naturally occurring amino acid and an

essential nutrient. Cysteine is a noncarcinogenic compound

and has no toxic effects when administered at reasonable

concentration levels on a daily basis. Its molecular weight is

less than 300 Da. Compounds above this molecular weight

cannot penetrate the fabric of bone [47]. The -SH group on

the side chain of cysteine provides free radical scavenging

capacity. Our earlier study [3] confirmed the radioprotective

effect of thiourea on bone tissue, which also has an -SH

group as the radioprotecting element. Thus, N-acetyl-L-

cysteine (NAC; negative), L-cysteine-ethyl-ester (LCEE;

positive), and L-cysteine-methyl-ester (LCME; positive)

derivatives of L-cysteine (LC, zwitterionic) with varying

charges were evaluated as radioprotectants. LC, LCME,

LCEE and NAC (Acros Organics, Geel, Belgium; Sigma

Aldrich, St Louis, MO) have comparable reaction rate

constants with the hydroxyl radical ranging from 7.9 to

35 9 109 M-1 s-1 [7, 28, 41, 44, 49].

NLP is a bifunctional agent used in chemotherapy,

which has a DNA/RNA intercalating phenanthridine group

and an oxygen singlet generating nitroimidazole group on

radiation [22–24, 37, 43]. The selective damage to DNA by

means of these intercalating agents poses the major

advantage of maintaining sterilization at lower doses of

radiation. NLP has selective toxicity to hypoxic cells at

37�C, and it has been used to increase radiation damage to

cancer cells [18, 21]. Therefore, NLP may potentially be

used to enhance the targeting of microbial DNA/RNA

during gamma-radiation sterilization. NLP is not com-

mercially available. Therefore, it was synthesized (JS)

following previously published protocols [27]. The sodium

salt of azomycin (2-nitroimidazole) was treated with two-

fold excess of dibromobutane in dimethylsulfoxide and

removed by distillation. The residual oil was purified by

chromatography over silica gel. This compound was

refluxed in acetonitrile for 24 hours with phenanthridine.

5-[4-(2-nitro-1-imidazoyl)-butyl]-phenanthridinium bromide
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precipitated out of hot acetonitrile and was then isolated by

filtration and further recrystallized from methanol/ether to

get the water-soluble NLP salt. The structure of the newly

synthesized NLP was characterized using proton nuclear

magnetic resonance spectroscopy (VXRS-400 MHz, Var-

ian Inc., Palo Alto, CA, USA) and mass spectrometry

(Esquire, Bruker, Madison, WI, USA). The purity of syn-

thetic intermediates and the target compounds was verified

by thin layer chromatography, high-performance liquid

chromatography, and elemental analysis.

The effect of LC, LCEE, LCME, or NAC and NLP on

bacterial spores (Bacillus subtilis, 1.4 9 106 spores/strip,

NAMSA, Northwood, OH, USA) was assessed. The LC,

LCEE, LCME, and NAC solutions were prepared at 0.1 M

in PBS (pH 7.3) and NLP was prepared at 0.2 mM in PBS.

Experiments with higher concentrations of LCEE (0.5 M

and 1 M) were also conducted to assess whether radio-

protection has dose-response. The samples treated in PBS

only were considered as controls. Specifically, PBS-treated

irradiated samples were referred to as irradiated controls,

whereas those treated with PBS only (without irradiation)

were referred to as nonirradiated controls. All solutions

were filtered with a 0.2-lm Whatman filter (Fisher Scien-

tific, Pittsburgh, PA, USA) to remove extraneous bacteria.

The spore strips were placed in 20 mL of radioprotectant or

radiosensitizer solution of known concentration (four strips

per solution) for 24 hours at room temperature to assess

baseline effects.

Spore strips were irradiated in the range of 0.64 Mrad to

2.5 Mrad using a Co-60 radiation source (Gammacell 220;

Nordion International Inc, Kanata, Canada) in radiopro-

tectant and radiosensitizer solutions (Table 1). The applied

radiation dosage was monitored using perspex dosimeters

(Type 3042, Harwell Ltd., Oxfordshire, UK). The dose

range utilized in this study extends below the range of 1

Mrad to 2.5 Mrad [1, 40] which is used in the tissue-banking

practice. We utilized lower radiation dosage than usual

practice because a radiation level of 0.5 Mrad is sufficient to

kill most bacteria in the vegetative form [12] whereas 5-log

reduction is reported in the viability of B. subtilis spores

when irradiated at 0.78 Mrad [26]. Under certain treatment

conditions, the spore strips which were irradiated at 2.5

Mrads were occasionally totally inactivated and did not

yield spore counts. Accounting for the possibility that 2.5

Mrad would be an excessive dose and mask the potential

protective effect of the radioprotectant, we utilized lower

dose levels of 0.64 Mrad and 1.3 Mrad, as well. A greater

dose that eliminates the bioburden (such as 2.5 Mrad) may

not have allowed capturing a potential rebound in the via-

bility of pathogens due to radioprotection. While 2.5 Mrad

had occasionally inactivated B. subtilis in the current study,

it is insufficient to inactivate HIV [35].

Following treatments, spore strips were incubated in a

rotating incubator (Thermoforma, Thermo Scientific,

Waltham, MA, USA) in 20 mL tryptic soy broth (TSB)

media (Mobio Laboratories Inc., Carlsbad, CA, USA) for

14 days at 35�C. The incubated samples were serially

diluted in TSB media and plated on Petri dishes with

tryptic soybean-casein digest agar (Mobio Laboratories

Inc.) (n = 4/dilution), and incubated for 24 hours at 37�C

in the incubator after which colony counts were performed.

The ability of the radioprotectants and the radiosensi-

tizer to penetrate the cortical bone matrix to induce the

desired effect was assessed by embedding and sealing

spore strips in cortical bone segments. In this case, the

chemical treatment was conducted after sealing the spores

in the cortical bone. Diaphyseal segments of cortical bone

40 mm long were sawed from the diaphysis at the midshaft

regions of human femurs (Musculoskeletal Tissue Foun-

dation, Edison, NJ, USA) using a low-speed saw (Isomet,

Buehler, Lake Bluff, IL, USA). One-millimeter diameter

through-holes were drilled at the midcortical thickness

between the periosteum and endosteum. The longer axes of

holes were parallel to the long axis of the diaphyseal shaft.

Each treatment group (Table 2) was assigned one segment

of cortical bone and each segment had four holes: one on

anterior, posterior, medial and lateral sides of the bone. The

midcortical thickness within a given segment varied from

4 mm to 6 mm, which amounted to a solution penetration

distance of 1.5 mm to 2.5 mm. Before the insertion of

spores, diaphyseal segments were immersed in 70% ethyl

alcohol to minimize the presence of pathogens other than

those on the spore strip. We did not encounter bacterial

growth from these controls when they were incubated in

the TSB media.

A mini spore strip (Bacillus subtilis, 1.1 9 106 spores/

strip, NAMSA, Northwood, OH, USA) was inserted into

each hole under aseptic conditions. Both ends of the holes

were sealed with self-tapping screws 6 mm in length. An

O-ring was present between the cap of each screw and the

surface of the bone to eliminate the entry of treatment

solution to the hole. Therefore, the only means for the

Table 1. Representation of treatment groups treated with radiopro-

tectants and a radiosensitizer at different doses of radiation

Radiation Dose 
(Mrads)

0 1.3 2.5

Phosphate buffered 
saline

Nonradiated
control group Radiated control groups

L-cysteine

Nonradiated,
treated groups

Radiated and treated
groups

N-acetyl-cysteine

L-cysteine-ethyl-
ester

L-cysteine-methyl-
ester

Nitroimidazole-
linked-

phenanthridinium

1798 Kattaya et al. Clinical Orthopaedics and Related Research

123



treatment solution to reach the spore strip was by diffusion

through the cortex (ie, diffusion from periosteum to mid-

cortex and endosteum to midcortex) when the segment was

placed in treatment solution.

Diaphyseal segments were immersed in various solu-

tions (Table 2) in a desiccator at -4�C for 24 hours. The

control group was handled similar to treatment groups and

it was suspended in PBS only. To evaluate intercalation

ability of the radiosensitizer, we introduced an additional

rinsing stage by suspending bone segments in PBS for

24 hours to remove the excess and unbound NLP mole-

cules. The segments were wrapped in sterile gauze and

irradiated in a sealed container packed with dry ice. A

radiation dose of 0.64 Mrad was applied. Nonirradiated

controls were kept at -4�C while other groups were irra-

diated. Following treatment, the mini spore strips were

removed under aseptic conditions and incubated in 20 mL

TSB media for 14 days at 35�C. The incubated samples

were diluted serially, plated (n = 4/dilution) and colony

counts were performed.

The colony count data obtained in this study is presented

in the logarithmic scale and difference between the two

groups is expressed at the level of log10. One-log reduction

indicates a tenfold reduction in spore count compared to the

respective control count. The data expressed as ‘‘baseline

effect’’ reflect the effect of the radioprotectant or radio-

sensitizer alone on the viability of bacterial spores without

any radiation being applied. The difference between groups

was assessed by a Kruskall-Wallis test. When the Kruskal-

Wallis test indicated a difference (p \ 0.05), we performed

a post hoc Mann-Whitney U-test to compare groups pair-

wise. The tests were performed using Minitab software

(Minitab Inc., State College, PA, USA).

Results

When the spore strips were treated with radioprotectants in

the absence of radiation, the spore count in LCME- and

NAC-treated spores increased (p = 0.007) by 1-log

(Fig. 1) compared to control, thus LCME and NAC bene-

fited the viability of bacteria. On the other hand, spore

counts of LC- (p = 0.021) and LCEE-treated (p = 0.020)

spore strips were decreased compared to controls. When

the spore strips were irradiated in the absence of cysteine

derivatives, the spore counts of radiated controls were

reduced by 1.5-logs (p = 0.021) and 3-logs (p = 0.020)

after gamma radiation at 1.3 Mrads and 2.5 Mrads

respectively, when compared to nonradiated controls

(Fig. 1). Spore counts of LCME-treated strips stayed at the

same log level (p = 0.007) at both radiation levels, indi-

cating LCME provided radioprotection. Spore counts from

NAC-treated strips were reduced (p = 0.021) by 1.5-logs

at 2.5 Mrad, which also indicates a radioprotective effect

because the matching radiated controls displayed a 3-log

reduction (p = 0.021) at the same radiation level. LCEE

had 3-log reduction (p = 0.018) at 2.5 Mrad compared to

nonradiated control and LC-treated spores at 2.5 Mrad

were inactivated, yielding no counts, indicating that LC,

Table 2. Treatment protocol for bone segments with embedded spore strips

Treatment groups Day 1 Day 2 Day 3 Radiation

Nonradiated control Phosphate buffered saline Phosphate buffered saline Phosphate buffered

saline

0 Megarad

Radiated control Phosphate buffered saline Phosphate buffered saline Phosphate buffered

saline

0.64 Megarad

L-cysteine-treated-nonradiated Phosphate buffered saline Phosphate buffered saline L-cysteine 0 Megarad

L-cysteine-treated-radiated Phosphate buffered saline Phosphate buffered saline L-cysteine 0.64 Megarad

Nitroimidazole-linked-phenanthridinium-

treated-nonradiated

Nitroimidazole-linked-

phenanthridinium

Phosphate buffered saline Phosphate buffered

saline

0 Megarad

Nitroimidazole-linked-phenanthridinium-

treated-radiated

Nitroimidazole-linked-

phenanthridinium

Phosphate buffered saline Phosphate buffered

saline

0.64 Megarad

0

1

100

10000

1000000

NAC

Sp
or

e 
C

ou
nt

N/C

0 Mrad
1.3 Mrad

2.5 Mrad

PBS LC LCEE LCME

Fig. 1 At 0 Mrad, LCME and NAC increased spore count while LC

and LCEE did not. At 1.3 Mrad and 2.5 Mrad, LC and LCEE did not

elicit radioprotection whereas LCME and NAC protected the spores

against radiation. N/C indicates that spores treated with LC and

irradiated at 2.5 Mrad were inactivated, yielding no counts.
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LCEE did not provide radioprotection. Therefore, with all

concentrations being equal, we chose to proceed with LC

and LCEE because they neither protected the spores

against radiation nor increased the baseline viability. The

radiosensitizer affected the spore count as follows. NLP

itself induced a reduction (p = 0.028) in baseline counts.

Untreated radiated controls had approximately a 1-log

reduction (p = 0.029) at 1.3 Mrad compared to spore count

of nonirradiated controls, whereas strips irradiated in NLP

at 1.3 Mrad had 2.5-logs of reduction (p = 0.021) com-

pared to nonirradiated control (Fig. 2). This result indicates

NLP sensitizes the spores to radiation damage when the

spore strip is immersed in solution. At 2.5 Mrads of radi-

ation, all groups attained total sterility regardless of NLP

treatment.

When comparing the radioprotection/radiosensitization

of spore strips isolated in the bone matrix, a control bone

without any strips embedded had no bacterial growth,

confirmed the absence of bacterial pathogens in bone

segments prior to our further experiments. Spore counts of

NLP-treated bone-embedded strips were approximately

half-log less (p = 0.021) than the strips immersed in NLP.

NLP had some baseline toxic effect regardless of whether

the strips were embedded in bone or suspended in solution

(Fig. 3). Bone-embedded spore strips treated with NLP and

rinsed with PBS were not radiosensitized because the log

value was at the same order of magnitude (p = 0.021) with

irradiated controls (Fig. 4). This observation suggests NLP

is unable to bind to the nucleic material of spores because

its sensitization effect was negated after rinsing.

Neither LC nor LCEE protected bacterial spores

(Fig. 1); the 0.1 M of concentration used may be an

insufficient amount of radioprotectant to deliver a shield to

bone matrix against radiation damage. Since, the solubility

of LC is limited to 0.1 M; strips were irradiated in higher

concentrations of LCEE solution. The spore count of

LCEE-treated strips were smaller (p = 0.021 at 0.1 M,

p = 0.020 at 0.5 M, p = 0.020 at 1 M) than irradiated

controls (at 1.3 Mrads) irrespective of LCEE concentration

(Fig. 5). This suggests higher concentrations of LCEE also

do not have a radioprotective effect.

Discussion

While gamma radiation is widely used for sterilizing bone

allografts it may impair their strength, and while radio-

protectant use may reduce radiation damage it may

compromise sterility by protecting pathogens. We sought

to identify radioprotecting and radiosensitizing agents

which can efficiently perfuse bone yet minimally protect

0

1
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100

1000

0 Mrad 1.3 Mrad 2.5 Mrad

Sp
or

e 
C

ou
nt

 

PBS

NLP

N/C N/C 

Fig. 2 In the presence of NLP, gamma radiation-related reduction in

the spore counts were more pronounced when compared to groups

which were radiated in the absence of NLP.

1

10

100

1000

Non-radiated
PBS

Non-radiated
LC

Non-radiated
NLP

Sp
or

e 
C

ou
nt

 

In solution

Embedded in
Bone

Fig. 3 The effects of LC and NLP on spore strips while immersed in

solution were similar to spores treated while embedded in bone.

Therefore, the agents were able to diffuse through bone to induce

their effects. N/C indicates that spores irradiated in both PBS and

NLP at 2.5 Mrad were inactivated, yielding no counts.

1
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100

1000

PBS-nonirradiated PBS-radiated NLP-PBS-radiated

Sp
or

e 
C

ou
nt

 

Fig. 4 The radiosensitizing effect of NLP vanished after an addi-

tional PBS rinsing stage since the colony counts of NLP treated-

rinsed samples were not smaller than the irradiated controls.

Therefore, it does not seem likely that NLP binds to the DNA of

spores.
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pathogens. We therefore hypothesized the ability of a

radioprotectant to shield bacterial spores is a function of its

charge. Therefore, cysteine derivatives having similar free

radical scavenging ability but with varying charges were

utilized.

Several important limitations of the study should be

considered in interpreting the outcomes. We assessed

spores of an aerobic bacterial strain and further research is

essential to test the approach on other types of spores, viral

pathogens, and prions. Bacteria in vegetative form were not

investigated. However, spores are more relevant to the

tissue banking practice and spores are also much more

resistant to radiation damage or excipient treatment. The

radiation was administered at levels relevant to tissue-

banking practice for some of the reported data; however,

the dose application rate that can be provided by our

radiation device is slower (total dose applied in days) than

can be applied by commercial radiation sources (total dose

applied in hours). It is known that applying the same dose

in a slower fashion reduces the extent of gamma-radiation

damage [38]. However, this was a comparison-based study

and application of the radiation at a faster rate should not

affect the overall outcome.

The baseline toxic effect of cysteine derivatives ranged

from mildly cytotoxic (LC, LCEE) to nontoxic (LCME,

NAC). This finding suggests that the chemical modifica-

tions, which changed the charge structures of these agents,

also created other venues by which the spores were bio-

logically affected. Although LC and LCEE had mild

negative effects, LCME and NAC increased baseline via-

bility tenfold, rendering LCME and NAC ineligible for

further consideration. In assessing the radioprotective

effect of an agent, a radioprotectant-treated irradiated

group that had a higher or similar log value than its

corresponding control-irradiated group indicated that

protection of the pathogen has occurred. LCME and NAC

were both unfavorable in this regard as they failed to

reduce the spore count. LC and LCEE did not elicit

radioprotection. These four scavengers have comparable

affinities to OH radical [7, 28, 41, 44, 49] and therefore the

absence of radioprotection of LC and LCEE can be

explained by their inability to get within or around the

spores. Our initial expectation was that charge-based dif-

ferences could explain the differences in the

radioprotective potential of these agents. However, both

LCME and LCEE are positively charged molecules and

their radioprotective effects on spores during irradiation

were quite the opposite. Therefore, it seems there are fac-

tors involved other than the charge of the agent. The

endospore-forming Bacillus subtilis spores are highly

resistant to radiation and impermeable to most of the

chemicals. Therefore, in the current experiments, LCEE

may have failed to penetrate the extra protecting layers

around the spore.

The results of radioprotectant and radiosensitizer on the

spores in solutions and spores embedded in bone were

compared to assess the penetration of these agents through

the bone matrix. Our data suggest cysteine derivatives and

NLP penetrate bone matrix and NLP is able to sensitize the

spores to radiation damage. The radiosensitizer of our

selection is used for cancer treatment [18]. NLP has been

demonstrated to bind to the DNA of mammalian cells and

generate oxygen singlets on radiation, rendering selective

damage to the nucleic bases. This approach, within a

sterilization context, would require treatment of the allo-

graft with the nucleic acid-targeting agent. With the

assumption that NLP binds to DNA, a successive rinsing

procedure should remove the sensitizer from elsewhere but

not from pathogen. Therefore, the radiosensitization effects

should be limited to the pathogens, alleviating undesired

radiosensitization of the matrix. The radiosensitization of

NLP was confirmed when spore strips were irradiated

immersed in NLP solution. However, when a subsequent

rinsing process was applied, the radiosensitization effect

vanished, suggesting that the expected intercalation of the

agent to the nucleic material did not take place.

Radioprotectants of similar free-radical-scavenging

capacities may differ in their radioprotective potential on

spores. Therefore, a systematic evaluation of a wide variety

of radioprotectants should be conducted to identify those

compounds that can protect graft integrity without com-

promising sterility. The DNA intercalating radiosensitizer

approach, at least for NLP, is not feasible. Further exper-

iments will be essential to assess the effect of LC or LCEE

on graft strength using biomechanical tests. These concepts

are not limited to bone as a tissue, but any connective tissue

would be expected to benefit from scavenger and radio-

sensitizer treatment.

0.1

1

10

100

1000

PBS LCEE(0.1M) LCEE(0.5M) LCEE(1M)
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C
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nt

In solution

Embedded in
Bone

Fig. 5 LCEE did not provide radioprotection at concentrations up to

1 M. Strips in both solution and embedded in bone were irradiated at

1.3 Mrad.
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