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Abstract One of the early biochemical changes of

apoptotic cells is exposure of phosphatidylserine on the

external surface of the plasma membrane. The aim of

current study is targeting Phosphatidyl serine (PS) using

radiolabeled LIKKPF, which was functionalized with

HYNIC and aminooxy, radiolabeled with 18FDG and

assessed in vitro and in vivo. Results showed LIKKPF has

less affinity to PS compared to original phage peptide, but

high enough for specific binding to apoptotic cells. It is

concluded the low affinity of radiolabeled LIKKPF might

be attributed to hydrophobicity of peptide, therefor pep-

tides used in future studies should be more hydrophobic

compared to LIKKPF.

Keywords Oxime bound � Phosphatidylserine � 18FDG

radiolabeling � Apoptosis

Abbreviations

HYNIC 6-Hydrazinonicotinamide

TFA Trifluoroacetic acid

Tricine n-[Tris(hydroxymethyl)methyl]glycine

HOBT n-Hydroxy benzotriazole

DIC Diisopropylcarbodiimide

DIPEA Diisopropylethylamine

DMF Dimethylformamide

TIS Triisobutylsilane

MEK Methyl ethyl ketone

Fmoc 9-Fluoroenylmethoxycarbonyl

Eei–

NHS

N-(1-ethoxyethyidene)-2-aminooxyacetic acid

N-Hydroxysuccinimidyl

RCP Radiochemical purity
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Introduction

Programmed cell death technically called apoptosis is an

important factor which should be considered in a variety of

diseases, such as cancer, atherosclerotic plaques, ischemia,

and so on. One of the early biochemical changes of apoptotic

cells is exposure of phosphatidylserine (PS) on the external

surface of the plasma membrane. Clinical information

obtained from targeting of PS would help to diagnosis and

therapy of apoptosis related pathologies [1–9]. Annexin V, a

35 kDa natural intracellular human phospholipid binding

protein, binds to PS in the presence of extracellular Ca2?

(approximately 2.5 mM Ca2?). It has been radiolabeled with
99mTc and 18F in apoptosis imaging studies. Its rapid clear-

ance from body, short blood half life, and inability to dif-

ferentiate between apoptosis and necrosis makes the optimal

imaging of apoptotic cells difficult [10, 11].

Research groups are developing peptides with high

affinity for PS through phage display technology [12–16].

One of each refers to peptide LIKKPF which was conjugated

with DTPA, labeled with Gadolinium, and examined in vitro

and in vivo. Although phage displayed peptide showed high

affinity for PS (Kd = 2 9 10-9 M), Gd-DTPA-LIKKPF

resulted in low sensitivity as MRI contrast agent [16]. Kapty

et al. radiolabeled LIKKPF with 18F prosthetic group N-

succinimidyl-4-[18F]fluorobenzoate ([18F]SFB) and N-[6-

(4-[18F]fluorobenzylidene) aminooxyhexyl] maleimide

([18F]FBAM), respectively. Although the modification of

LIKKPF to CLIKKPF and radiolabeling with 18FBAM

increased RCP, cyctein residue resulted in lower affinity [17,

18].

Regarding the high resolution and sensitivity of PET, 18F

labelled peptides are considered as the best imaging agent for

clinical routine application at nuclear medicine centres. Due to

the availability of 18FDG (2-flouro-2-deoxy-D-glucose) in

most PET centres, 18FDG is an appropriate candidate for 18F-

fluorinated prosthetic group. Previous studies showed that

unprotected peptide precursors, functionalized with ami-

nooxy or hydrazine, form a prosthetic group in aqueous media

consisting of stable oxime or hydrazone bond with18F-fluo-

rinated aldehyde [19–21]. HYNIC and N-(1-ethoxyethyi-

dene)-2-aminooxyacetic acid N-Hydroxysuccinimidyl (Eei–

NHS) are being developed to incorporate hydrazine or ami-

nooxy at N-terminal end of peptide, respectively. In a simple

one step method, 18FDG was applied to fluorinate aminooxy

or hydrazine peptides through oxime or hydrazine bound

formation [22–25].

Our research group is currently working on design and

synthesis of new peptides targeting PS. To reach the goal,

the LIKKPF with nanomolar affinity to PS was chosen as a

template. The present study describes the biological

activity of synthesized HYNIC-LIKKPF and -LIKKPF,

(aminooxyacetic acid=), radiolabeled with 18FDG. The

affinity was assessed in vitro (using camptothecin treated

Jurkat cells) and in vivo [using mouse model of liver

apoptosis by intraperitoneal injection of lipopolysacharid

(LPS)]. Moreover, the stability, labelling efficiency, RCP,

and Log P of radiolabeled peptides are determined. This is

the first time which LIKKPF functionalized with aminooxy

(Aoa-LIKKPF) and labeled with 18FDG.

Materials and methods

For this study, the amino acids and resin were obtained from

Bachem (Bubendorf, Switzerland). Coupling reagents,

HOBT and DIC were purchased from Sigma-Aldrich (St.

Luis, MO, USA). Eei–NHS was purchased from IRIS Bio-

tech GmbH (Marktredwitz, Germany). Cold FDG [19FDG]

and Succinimidyl-N-Boc-HYNIC were purchased from

ABX advanced Biochemical compounds GmbH (Radeberg,

Germany). FITC-conjugated Annexin V was from Biole-

gend (San Diego, USA) and was used according to the

manufacturer’s instructions. Propidium iodide (PI), Cam-

tothecin, and lipopolysacharide were purchased from Sigma-

Alderich. All of the chemicals, solvents and reagents were of

analytical quality and used without further purification. Sil-

ica gel 60 F254 pre-coated aluminium sheets from Merck

were used for TLC. Furthermore, 18FDG was provided from

a routine in-house synthesis at the PET/CT Unit, Ferdous

Nuclear Medicine centre, Dr Masih Daneshvari Hospital,

Shahid Beheshti University of Medical Sciences (Tehran,

Iran). The distribution of radioactivity on TLC was deter-

mined using a TLC Scanner Mini-Scan, MS1000. This was

equipped with flow count B-FC-1000 and gamma detector

MS3200, (Bioscan, Washington, USA). Mass-Spectra was

recorded on LC–MS Triple Quad 6410 Agilent Technologies

using series 1200 HPLC system (Tokyo, Japan) column:

C-18, 250 9 4.6 mm, 5 lm, mobile phase: A:H2O ? 0.1 %

TFA, B: Acetonitrile, flow rate: 1 mL/min, 20 lL, total run

time: 40 min. A NaI well counter (Triathler multilabel tester,

Hidex, Finland) and a dose calibrator (Atomlab 100, Biodex,

NY) were used to measure low and high levels of radioac-

tivity, respectively. Flow cytometric analysis were per-

formed using a flow cytometer equipped with its

accompanying software (FACSCalibur and CellQuestPro,

respectively, Becton–Dickinson).

Synthesis of peptide LIKKPF functionalized

with HYNIC and aminooxy, (HYNIC-LIKKPF

and -LIKKPF)

Synthesis of peptide LIKKPF was done by using standard

Fmoc strategy as described previously [25]. Briefly, the
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peptide sequence Leu-Ile-Lye–Lye-Pro-Phe was assembled

on Wang Resin with two equiv of N-a-Fmoc-protected

amino acid (Phe) (Fmoc-Phe-OH) and two equiv HOBt and

DIC as a coupling reagent in six steps. Removal of pro-

tecting group was carried out with 10 % piperidine in

DMF. Coupling of HYNIC or to the last amino acid was

done with 2 equiv of HATU, 3 equiv of DIPEA, two equiv

of succinimidyl-N-Boc-HYNIC or Eei–NHS in dry DMF.

After shaking for 45 min at room temperature (RT), the

solution was removed and the resin was washed with DMF

and CH2Cl2, respectively. The completeness of the cou-

pling reaction was checked by a Kaiser Test. The cleavage

of peptide from resin was checked using cocktail TFA/TIS/

H2O (95:2.5:2.5) for 45 min [26]. The solvents evaporated

and peptide was precipitated with diethyl ether. The iden-

tity of peptide was confirmed by LC–MS.

Stability of HYNIC-LIKKPF and -LIKKPF

in plasma

50 lL of peptide (1 lg/lL in ethanol) was added to 450 lL

of fresh human plasma and incubated for 5, 10, 30, 60 and

120 min at 37 �C. After incubation time, 500 lL of ace-

tonitrile was added to precipitate plasma proteins. The

mixture was centrifuged at 10,000 g for 10 min. The

supernatant was analyzed with LC–MS.

Labeling studies

Labeling of HYNIC-LIKKPF with 18FDG

A detailed protocol of radiolabeling reaction of HYNIC-

LIKKPF with 18FDG is available from the authors [25].

Labeling of Aoa-LIKKPF with 19FDG

The aminooxy functionalized peptide (2 mg) was reacted

with 2 mg of 19FDG in 96 % ethanol in saline (200 lL) pH

2–3 for 40 min at 100 �C. The reaction mixture was

immediately cooled diluted with water to a final volume of

1 mL. Purification was achieved by a Sep-Pak C18 car-

tridge. The cartridge was activated using 10 mL ethanol,

followed by 10 mL of water and 20 mL of air. The reaction

mixture was passed through a cartridge, followed by 5 mL

of H2O to remove un-reacted FDG and finally, 2 mL of

96 % ethanol to obtain peptide [24]. The identity of
19FDG-Aoa-LIKKPF was confirmed by LC–MS.

Labeling of Aoa-LIKKPF with 18FDG

Labeling was done at different concentrations of peptide

(0.2–5 mg in 40–400 lL of 96 % ethanol), incubated with
18FDG (1–5 mCi/200–250 lL) at 80, 100 and 120 �C for

30 min, pH (2–2.5, 5–6, 8–8.5). The pH was adjusted by

TFA or NaOH. At the end of incubation time, 1 mL of cold

distillated water was added and reaction mixture was pas-

sed through Sep-Pak C18 cartridge to separate unreacted
18FDG. On the collected fractions, TLC chromatography

was performed on TLC silica gel 60 F254, acetonitrile:water

(95:5) as a mobile phase, over a path of 8 cm [24, 27].

HPLC radiochromatogram was obtained by injection of 20

lL of purified mixture to LC–MS. The outlet of LC–MS

column was disconnected from Mass and connected to a

fraction collector. Forty fractions (1 mL/min) were col-

lected and activity was measured.

Log P determination

Partition coefficient of three radiolabeled peptides was

determined in the mixture of PBS (pH 7.4) and n-octanol.

10 lCi of labeled peptide was added in 1 mL of PBS/n-

octanol (1:1) mixture and vials were vortexed for 4 min

and centrifuged at 5000 g for 10 min to separate two

phases (aqueous and organic). 100 lL of each phase was

measured in a gamma counter. The Log P values were

obtained in ratio of activity in organic phase to aqueous

phase.

Stability of radiolabeled peptides in plasma

The stability of 18FDG-Aoa-LIKKPF was studied as pre-

viously reported [25]. Briefly, 50 lCi of labeled peptide

was added to 450 lL of fresh human serum and incubated

for 5, 10, 30, 60 and 120 min at 37 �C. At different time

points plasma proteins were precipitated out by reacting

with 0.5 mL acetonitrile. The mixture was centrifuged at

10,000 g for 10 min. The activity bound to the plasma

protein was measured by counting the activity associated

with the precipitate. The supernatant was analysed by

radio-TLC [acetonitrile:water (95:5)].

In vitro studies

Induction of apoptosis

Human leukemia cells (Jurkat J6 cell, Pastur Institute,

Tehran, Iran) were cultured in RPMI 1640 medium sup-

plemented with 10 % FBS, penicillin, and streptomycin.

Apoptosis was induced on cells with camptothecin dis-

solved in DMSO to final concentration of 2 and 6 lM in

growth medium and incubated in 5 % CO2 incubator at

37 �C for 24 and 4 h respectively [28]. Induction of

apoptotsis and percent of apoptotic cells were examined

and measured by flow cytometry using Annexin V-FITC

and PI. Camptothecin treated and untreated cells were

harvested after 4 and 24 h, centrifuged for 5 min at 700 g,
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washed with cold PBS, and suspended in 1 mL cold

binding buffer (HEPES 10 mM, NaCl 140 mM, BSA

1 mg/mL, CaCl2 2.5 mM, pH 7.4). After addition of 5 lL

(0.1 lg/lL) Annexin V-FITC and 15 min incubation at RT,

10 lL PI solution (1 lg/lL) was added and fluorescence

intensity was measured using 2 color flow cytometry.

Untreated cells and cells incubated with DMSO were

considered as control.

Binding studies of radiolabeled peptides

A binding assay was performed in triplicate in the presence

of increasing amounts of radiolabeled peptide using

apoptotic Jurkat cells. 500 lL of cell suspention in binding

buffer was added to 1 mL Eppendorf tubes and incubated

with increasing concentrations of radiolabeled peptide

(2 9 106 cells/mL, 18FDG-HYNIC-LIKKPF: S.A =

1.25 Ci/mmol, 200–4000 nM), (2 9 106 cells/mL, 18FDG-

Aoa-LIKKPF: S.A = 1.14 Ci/mmol, 200–4000 nM) for

30 min at room temperature. At the end of incubation

times, the mixture was centrifuged (700 g, 5 min), the cell

pellet was washed with cold binding buffer (3X) and the

radioactivity of pellet was measured. Untreated cells used

as negative control. For each radioligand concentration,

nonspecific binding was determined by incubation of cells

with excess amount of unlabeled peptide (100X of maxi-

mum concentration of radiolabeled peptide). The binding

study was done in the presence and absence of calcium in

binding buffer.

In vivo studies

Balb/C adult mice (6–8 week old) were used and obtained

from the breeding facility of the Department of Pharma-

cology and Toxicology, School of Pharmacy, Shahid

Beheshti University of Medical Sciences. All animal

studies were conducted in accordance with the guidelines

established by the Shahid Beheshti University of Medical

Sciences. Biodistribution studies were done in normal and

apoptotic Balb/C mice (pre-treated and non-treated with

cold peptide) with groups of 3 mice per each time point.

Liver apoptosis was induced by intraperitoneal injection

(IP) of lipopolysacharid (LPS, Escherichia Coli, Serotype

055:B5, Sigma) dissolved in normal saline at a dose of

0.5 mg/Kg, 12 h before experiments [29]. Pre-treated mice

were received 200 lg cold peptide 30 min before injection

of radiolabeled peptide.

Biodistribution studies of 18FDG-HYNIC-LIKKPF

and 18FDG-Aoa-LIKKPF

100 lCi of each radiolabeled peptide in 100 lL saline was

injected via the tail vein of normal and apoptotic mice

model, pre-treated and non-treated. The animals were

sacrificed at 15 min and 1 h post injection (n = 3 for each

time point). The results were reported as percentage of

injected dose per gram of organ (%ID/g).

PET/CT imaging of normal and apoptotic mice

75 lCi of 18FDG-HYNIC-LIKKPF was injected via the tail

vein of normal and apoptotic mice model. The mice were

anesthetized intraperitoneally with ketamine HCl. Anes-

thesia was maintained by booster injections of ketamine.

The PET/CT imaging was performed on the SIEMENS

Biograph 6 clinical PET/CT scanner. The mice were placed

in supine position and CT scans performed for anatomical

reference and attenuation correction (spatial resolution

1.25 mm, 80 kV, 150 mAs) with a total CT scanning time

of 20 s. PET acquisition was performed in List Mode

Format (LMF) for 45 min after 18FDG-HYNIC-LIKKPF

injection. PET images were reconstructed in 3 sets of

emission images starting 1, 16 and 31 min after radiotracer

injection. The maximum activity concentrations (Bq/cc) of

the liver, kidneys and bladder were measured in both

apoptosis and normal rats. Reconstruction was performed

using the TrueX algorithm with attenuation correction. The

reconstruction settings were 2 iterations and 21 subsets to a

336 9 336 matrix, with a post filtering of 5 mm. Trans-

mission data were reconstructed into a matrix of equal size

by means of filtered back-projection, yielding a co-regis-

tered image set. The reconstructed emission images were

reformatted into maximum intensity projection (MIP)

image set and fused with CT images.

Results and discussion

The most studied imaging agent for apoptosis is Annexin V

and its fragments. Due to the limitations of Annexin V

(suboptimal pharmacokinetics, inability to distinguish

apoptosis from necrosis, calcium dependent), research

groups are developing other agents such as monoclonal

antibodies, peptides and small molecules [1–11]. In recent

years, much attention has been drawn to PS binding pep-

tides because of small size, easy production, rapid clear-

ance from circulation, and less immunological reactions of

peptides. Our research group is currently working on

design and synthesis of new peptides targeting PS. To

reach the goal, the LIKKPF with nanomolar affinity to PS

was chosen as a template. In the current study, the bio-

logical properties of 18FDG labeled LIKKPF were evalu-

ated in vitro and in vivo.

Peptide LIKKPF was successfully synthesized via Fmoc

strategy and functionalized with HYNIC and aminooxy at

N-terminal. The structures were analyzed with LC–MS.
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LC–MS information of—LIKKPF: calculated C40H67N9O9

817.51 found m/z = 818 [M ? H]?. Analytical RP-HPLC:

tR = 6.8 min, 20 % A:80 % B. At this MW (818 g/mol) 1

aminooxy molecule covalently attached to each molecule

of peptide. The -LIKKPF was conjugated with cold FDG

(19FDG). The yield of labelling was 54 %. The LC–MS

analysis of purified labelled peptide (purification by C18

Sep Pack cartridge) showed a single mass peak in 982

[M ? H]? which corresponds to 19FDG-Aoa-LIKKPF

calculated for C46H76FN9O13: 981. RP-HPLC:

tR = 5.71 min, 20 % A:80 % B. The functionalized pep-

tides were stable in human serum at 37 �C for at least 2 h.

HYNIC and aminooxy conjugated LIKKPF were radiola-

beled with 18FDG (RCP[ 70 %). Our results showed that

oxime bond formation between Aoa-LIKKPF and 18FDG is

a fast, effective and chemoselective reaction, which per-

forms in aqueous media. The optimal pH for oxime bond

formation is 5–5.5. The stability of HYNIC-LIKKPF and

Aoa-LIKKPF were determined in plasma. The results

showed peptides were nearly 100 % intact after 2 h.

Radiolabeling of Aoa-LIKKPF with 18FDG was done in

different conditions. Results showed the best temperature,

time and pH is 100 �C, 30 min, 5–5.5 respectively. RCP of

(70–95) % was achieved with (0.2–5) mg peptide and [1–5]

mCi 18FDG. The RCP depends on amount of glucose in the
18FDG solution as was discussed before [25]. The optimal

condition of 18FDG labelling with RCP & 70 % is 1 mg

peptide, 1 mCi 18FDG (contains glucose (50–250) lg/mL).

The labelled peptide was purified using C18 Sep Pack

cartridge for further studies. HPLC radiochromatogram

showed Rt = 6.5 min. Stability of radiolabeled peptides

was checked in human fresh plasma at 5, 10, 30, 60 and

120 min of incubation. Because of covalent bond between
18F and carbon, 18FDG radiolabeled peptides were[99 %

intact.

Log P of radiolabeled peptides was determined in PBS

buffer and n-octanol. The Log P values (Table 1) indicates

high hydrophilicity of radiolabeled LIKKPF. The calcu-

lated Log P of LIKKPF by Burtea et al. using ACDLabs

12.0 software was 2.51. Since each functional group of

molecule contributes to the overall Log P, conjugation of

HYNIC or aminooxy to LIKKPF and radiolabeling with
18FDG could be considered as one of the main reasons for

significant reduction of Log P compared to original phage

display LIKKPF. The reduced Log P explains their fast

clearance from blood and excretion through kidneys, which

is in line with the studies in which hydrophilic nature of
18FDG increases renal excretion, compared to hepatobil-

iary excretion [23].

The radiolabeled LIKKPF were tested in vitro and

in vivo. The affinity of radiolabeled peptides was deter-

mined in saturation binding studies using camptothecine

treated Jurkat cells (Table 1; Figs. 1, 2). Results revealed

that binding of radiolabeled LIKKPF to PS is not calcium

dependent and radiolabeled peptides bind specifically to

apoptotic cells. Although the affinity of original phage

displayed peptide calculated by Burtea et al. (Kd = 2.5 -

nM) was higher, the level of binding to apoptotic cells was

Table 1 Biological

characteristics of radiolabeled

peptides

Concentration Log P Kd Bmax (nmol/cell)

18FDG-HYNIC-LIKKPF 200 nM–4 lM -1.02 (0.70 ± 0.12) lM (3.21 9 10-7 ± 6.4 9 10-8)
18FDG-Aoa-LIKKPF 200 nM–4 lM -1.40 (0.86 ± 0.21) lM (4.24 9 10-7 ± 1.15 9 10-8)

LIKKPF 2.51* 2 nM*

* Calculated by Burtea et al. [16]

18FDG-HYNIC-LIKKPF (nM)
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l)

0 1000 2000 3000 4000
0

1.0×10-13

2.0×10-13
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Fig. 1 Saturation binding studies of 18FDG-Aoa-LIKKPF in camp-

tothecin treated Jurkat cells

18FDG-Aoe-LIKKPF (nM)
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m
ol

/c
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Fig. 2 Saturation binding studies of 18FDG-HYNIC-LIKKPF in

camptothecin treated Jurkat cells
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Fig. 3 Biodistribution study of

100 lCi 18FDG-HYNIC-

LIKKPF in a normal mice,

b pre-treated mouse model of

liver apoptosis, c non-treated

mouse model of liver apoptosis

at 15 and 60 min post injection

(n = 3). Radioactivity is shown

in terms of %ID/g organ
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Fig. 4 Biodistribution study of

100 lCi 18FDG-Aoa-LIKKPF

in a normal mice, b pre-treated

mouse model of liver apoptosis,

c non-treated mouse model of

liver apoptosis at 15 and 60 min

post injection (n = 3).

Radioactivity is shown in terms

of %ID/g organ
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2.5 times higher than control cells. The original phage

displayed peptide has higher affinity with a better and more

suitable conformation because more than 1 copy of peptide

contribute in binding to target [13, 16]. Electrostatic

interactions of LIKKPF with polar head of PS is achieved

by lysine residues that are ionized at physiological pH 7.4,

and hydrophobic residues (leucine, isoleucine, proline and

phenylalanine) are thought to be responsible for

hydrophobic interaction [3, 16]. Therefore, the Log P val-

ues of radiolabeled LIKKPF explains its low affinity to PS.

The distribution of radioactivity after IV injection of
18FDG labeled HYNIC and aminooxy functionalized

LIKKPF in normal and apoptotic mouse model is summa-

rized as a function of time in Figs. 3, 4. The liver uptake of

non-treated mice 15 min post injection was C3 times than

normal mice, decreased at 60 min after injection, which is

still higher than normal values (C1.5 times than normal

mice). Colon uptake was C2.5 and C1.5 times above normal

values 15 and 60 min post injection, respectively, suggesting

hepatic clearance as well as kidney clearance. The pattern of

biodistribution of apoptotic mice pre-treated was similar to

normal mice. Biodistribution studies showed higher liver

uptake of radiopeptides in apoptotic non-treated mouse

model compared to normal and pre-treated mouse. 75 lCi of
18FDG-HYNIC-LIKKPF was injected via the tail vein of

normal and apoptotic mouse models. As shown in Fig. 5, the

MIP PET/CT fused images of injected mouse clearly show

the activity concentration of 18FDG-HYNIC-LIKKPF in

kidneys and bladder as expected. However, there was a

significant liver uptake in the apoptosis mouse in comparison

with normal one. For quantitative assessment of uptake

behavior, maximum activity concentration (Bq/cc) was

measured for liver, kidney and bladder in all imaging studies.

In Fig. 5a, the maximum activity concentration in normal

mouse was 3.5 9 104, 2.0 9 105, 2.1 9 105 and 4.6 9 106

(Bq/cc) for liver, right kidney, left kidney and bladder

30 min after injection respectively. In Fig. 5b, PET/CT

image of the apoptosis mouse 30 min after injection, shows

the maximum activity concentration values of 1.1 9 105,

1.7 9 105, 1.9 9 105 and 9.0 9 106 for liver, right kidney,

left kidney and bladder, respectively. As the maximum

activity concentration ratio of liver to kidneys was 0.17 and

0.61 in normal and apoptosis mouse, respectively (about 4

times more uptake in the apoptosis mouse) the liver uptake is

more pronounced in the apoptosis mouse than the normal

one.

In conclusion, based on the data presented here,

LIKKPF peptide seems promising for non-invasive imag-

ing of apoptosis using SPECT or PET. To improve the

affinity of LIKKPF, more hydrophobic peptides should be

considered in designing for PS binding.
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