
Chapter 8

Development of a Microreactor for Synthesis

of 18F-Labeled Positron Emission

Tomography Probe
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Ken-ichi Nishijima, Nagara Tamaki, and Yuji Kuge

Abstract Background: The application of microreactors to positron emission

tomography (PET) probe radiosynthesis has attracted a great deal of interest because

of its potential to increase specific activity and yields of probes and to reduce

reaction time, expensive regent consumption, and the footprint of the device/instru-

ment. To develop a microreactor platform that enables the synthesis of various 18F-

labeled PET probes, a prototype microreactor with a novel “split-flow and interflow

mixing” (split mixing) was fabricated and applied to 18F-labeling reactions.

Methods: The split mixing microreactor, made of Al2O3 resistant to several

solvents, had higher mixing performance than that of the conventional batch
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method. Two 18F-labeling reactions (18F labeling of bovine serum albumin (BSA)

by N-succinimidyl-4-[18F] fluorobenzoate (SFB) and 1-(20-nitro-10-imidazolyl)-2-

O-tetrahydropyranyl-3-O-toluenesulfonylpropanediol (NITTP) by 18F) were

conducted using the microreactor.

Results: The 18F-labeling yield of BSA obtained by using the microreactor was

almost the same as that by using the conventional batch method; however, the

reaction time of the microreactor was slightly shorter than that of the batch method.

Conversely, the 18F-labeling yield of NITTP obtained by using the microreactor

was about half that by using the batch method. The low NITTP-labeling yield was

due to adsorption of naked 18F to the surface of micro-mixing channel in the

microreactor. The prescreening of candidate materials with lower 18F adsorption

for the microreactor was carried out with solvent resistance and solvent absorption

as indexes. As a result of this prescreening, cyclo olefin polymer (COP) was selected

as a candidate. A prototype COP microreactor has been fabricated and is being

evaluated in terms of 18F labeling.

Conclusions: Although the higher mixing performance of the split mixing

microreactor did not significantly contribute to increasing 18F-labeling yield, it

did contribute to shortening reaction time. Moreover, the material used for the

microreactor should be carefully selected from the viewpoint of developing a

microreactor platform that enables the synthesis of various 18F-labeled PET probes.

Keywords Positron emission tomography (PET) • Microreactor • 18F-labeled PET

probe • Cyclo olefin polymer (COP)

8.1 Introduction

Positron emission tomography (PET) is a noninvasive, nuclear imaging technique

that has been widely applied for medical research and clinical diagnosis in the fields

of oncology, neurology, and cardiology [1–4]. PET imaging relies on the utilization

of a PET probe labeled with short-lived positron-emitting radioisotopes such as 11C

(t1/2¼ 20 min) or 18F (t1/2¼ 110 min). Among several PET probes, 2-18F-fluoro-

2-deoxy-d-glucose (18F-FDG), an analog of glucose, is most commonly used in the

diagnosis and assessment of cancer. Moreover, utilized in clinical oncology, it

shows excellent performance as a PET imaging probe [5].
18F-FDG has been extensively utilized as the PET imaging probe in oncologic

application. However, in the last few decades, a large number of non-FDG PET

probes have been developed to measure and elucidate various biological and

physiological processes [6, 7].

With the Increasing variation of PET probes that are applicable to clinical

diagnosis, for diagnosis of individual patients, it is necessary to produce a wide

variety of PET probes in small quantities. It is therefore also necessary to modify

the supply system for PET probe (such as a centralized mass production) and the

commercial delivery system that were established for a single PET probe, i.e., 18F-

FDG [8].
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Meanwhile, decentralized, in-house production of PET probes also has some

difficulties in regard to the production of a wide variety of PET probes in small

quantities, because of the need for a large investment in infrastructure in accordance

with government regulations, an expensive “hot cell” for radiation shielding of PET

probe synthesizer, and high personnel and operating costs. Moreover, the number of

synthesizer that can be installed in a hot cell is restricted because of the limited

workspace in the hot cell; accordingly, it is difficult to accomplish in-house small-

scale production of multiple PET probes.

Recently, to solve the abovementioned problems concerning small-scale pro-

duction of various PET probes, the application of microreactors (or microfluidic

devices) to the PET probe radiosynthesis has attracted a great deal of interest

because of their potential to increase specific activity and yields of the probes and

to reduce reaction time, consumption of expensive reagents, and footprint of the

device/instrument [9, 10].

Microreactor can be categorized as flow-through type or batch type. And both a

flow-through microreactor and a batch microreactor have been applied to

radiosynthesis of PET probes for 18F labeling [11]. Almost all previous studies on

applying microreactors for radiosynthesis of PET probes have been limited to

preclinical PET imaging; however, a few recent studies attempted to apply

microreactors for synthesizing the clinical PET probes such as 18F-fallypride, the

dopamine D2/D3 receptors imaging probe [12]; 7-(6-fluoropyridin-3-yl)-5H-pyrido

[4,3-b]indole (18F-T807), tau imaging probe [13]; and 18F-labeled 3-fluoro-5-

[(pyridin-3-yl)ethynyl]benzonitrile (18F-FPEB), the glutamate receptor subtype

type 5 (mGluR5) imaging probe [14].

Moreover, a microreactor for radiosynthesis of a clinical PET probe has not been

applied as the routine production method for clinical usage. It is still a great

challenge to solve several problems hindering the practical use of microreactors

for synthesizing PET imaging probes for clinical applications.

In a previous study, microreactor systems with novel mixing methods were

established and applied to achieve large-scale and industrial production of

chemicals [15, 16]. In this study, a prototype microreactor with a novel split-flow

and interflow mixing (called “split mixing”) was fabricated and evaluated in regard

to 18F-labeling reactions.

8.2 Materials and Methods

8.2.1 Villermaux-Dushman Method

The mixing performance of the prototype microreactor was evaluated by

Villermaux-Dushman method [17]. Solution X (HCl: 0.1374 M) and solution Y

(KI, 0.01595 M; CH3COONa, 1.33 M; KIO3, 0.003175 M) were separately sup-

plied to the microreactor by Micro Process Server (MPS-α200, Hitachi, Tokyo,
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Japan). The solution mixed in the microreactor was collected and left for two

minutes. The flow rate of the two solutions was set at 0.2, 0.5, 1.0, 2.0, 4.0, and

6.0 mL/min. Absorbance at 350 nm was measured by a UV-visible spectrometer

(U-3010, Hitachi-High Technologies, Tokyo, Japan).

8.2.2 18F Labeling of BSA by 18F-SFB

Succinimidyl-4-[18F]fluorobenzoate (18F-SFB) was synthesized by a method sim-

ilar to that reported by Tang et al. [18]. The synthesized 18F-SFB was evaporated at

100 �C under an argon stream and dissolved in 20 % acetonitrile (MeCN)

(0.3 MBq/μL). Bovine serum albumin (BSA) dissolved in 125 mM borate buffer

(pH8.8) (5 mg/mL) was used as a target protein. By the microreactor method,
18F-SFB and BSA solutions were separately injected into the microreactor by using

the MPS-α200. The mixed solution was introduced into a PTFE tube

(φ0.17� 250 mm, GL science, Tokyo, Japan) connected to an outlet of the

microreactor. The reaction mixture was collected at times of 2, 10, and 20 min by

driving the MPS-α200, and TFA was added to the reaction mixture to terminate the

reaction. By the conventional batch method, the 18F-SFB and BSA solutions were

mixed in equal amount at room temperature in a 1.5 mL microtube. Trifluoroacetic

acid (TFA) was added to the mixture to terminate the reaction at times of 2, 10, and

20 min.

LC analysis was performed using a Nexera X2 UHPLC/HPLC system

(Shimadzu, Kyoto, Japan). The reaction mixture (20 μL) was loaded onto a C8

reversed-phase column (CAPCELL PAK C8 SG300, Shiseido, Tokyo, Japan). The

LC solvents were (A) 2 % MeCN/0.05 % TFA and (B) 80 % MeCN/0.05 % TFA,

and a gradient (40 % B: 0–1.5 min, 100 % B: 1.5–2.5 min, 40 % B: 2.5–9.0 min)

was used at a flow rate of 0.3 mL/min. The percentage of 18F-benzoic acid

(18F-FBzA),18F-SFB, and 18F-BSA was calculated from the LC data.

8.2.3 18F Labeling of NITTP by 18F

An aqueous solution of 18F�, produced by cyclotron using the 18O (p, n) 18F

reaction, was passed through a Sep-Pak Light QMA cartridge (Waters Corporation,

MA, USA). The 18F activity was eluted with a 0.9 mL (0.7 mL MeCN/0.2 mL

water) solution containing 14 mg Kryptofix222 (K222) and 1.4 mg K2CO3. The

eluent was then evaporated at 100 �C under an argon stream. The residue,

containing [K/K222]+18F�, was dissolved in dimethyl sulfoxide (DMSO)

(0.22 MBq/μL).
1-(20-Nitro-10-imidazolyl)-2-O-tetrahydropyranyl-3-O-toluenesulfonyl-

propanediol (NITTP, ABX GmbH, Radeberg, Germany) was dissolved in DMSO

(1.3 mg/mL). By the microreactor method, [K/K222]+18F� and NITTP solutions
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were separately sent to the microreactor by using a dual syringe pump (TSP-202,

YMC, Kyoto, Japan). The solution mixed in the microreactor was then sent to a

PTFE tube (φ0.5� 510 mm, GL science) connected to an outlet of the

microreactor, and the reaction in the PTFE tube was allowed to proceed for 3 or

10 min at 80 �C. By the batch method, [K/K222]+18F� and NITTP solutions were

mixed in equal amount in a 1.5 mL microtube. The reaction was allowed to proceed

for 3 or 10 min at 80 �C. LC analysis was performed using a Nexera X2 (Shimadzu).

The reaction mixture (10 μL) was loaded onto a C18 reversed-phase column

(XBridge C18, 5 μm, 4.6 mm� 150 mm, Waters Corporation). The LC solvents

were (A) 50 mM (NH4)2HPO4 and (B) MeCN, and isocratic elution (45 % B) was

used at a flow rate of 1 mL/min. Percentage of 18F-NITTP was calculated from the

LC data.

8.2.4 Solvent Resistance Test

The chemical resistance of seven materials (polyvinyl chloride [PVC], polystyrene

[PS], acrylonitrile-butadiene-styrene resin [ABS], methacrylate resin [PMMA],

polycarbonate [PC], polypropylene [PP], and cyclo olefin polymer [COP]) against

five chemicals (acetonitrile [MeCN], dimethyl sulfoxide [DMSO], hydrochlonic

[HCl], sodium hydroxide [NaOH], and ethanol [EtOH]) was tested. A test piece

(size: 10� 10� t2 mm) was dropped into each of the chemicals set at 25, 50, 80, or

120 �C, and the reaction was allowed to proceed for 30 min. The condition of the

test piece was observed, and the weight of the test piece was measured (W1) after

the reaction was completed. After the test piece was washed with water, it was

dehydrated for 24 h at 50 �C. The weight of the test piece was measured again (W2).

The volume of the chemical absorbed in the test piece was calculated from the

difference between W1 and W2.

8.3 Results and Discussion

8.3.1 Microreactor with Novel Mixing System

Two microreactors with different types of mixing, i.e., split-flow and interflow

(“split mixing”) and multilayer channels contracting toward the downstream

(“multimixing”), were fabricated (Fig. 8.1a, b). The split mixing microreactor

was made of Al2O3, and the multimixing one was made of PEEK. Both materials,

Al2O3 and PEEK, were selected from the viewpoint of resistance to several solvents

and fabricability of micro channel structure for mixing.

On the split mixing microreactor, the first liquid (solution A) and the second

liquid (solution B) were injected into the micro channels of the microreactor. The
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parallel flow of two fluids (solutions A and B) was split, rotated 90� (inversion), and
interflowed repeatedly (12 times) as the fluids pass through the repeated split

mixing structures of the microreactor. Finally, the flow of two fluids formed an

alternately multilayered thin flow of fluids (Fig. 8.1a). As the thickness of each fluid

became small, the diffusion time of the reactants of fluids (solutions A and B) was

reduced, causing faster mixing of the solutions.

On the multimixing microreactor, the first liquid (solution A) flows from each

nozzle in layer form on top of the chip. In the center of the chip, the second liquid

Fig. 8.1 Schematics of microreactors used in this study. (a) The split-flow and interflow

microreactor. The flow of fluids in the micro channel for mixing is shown in the cross section of

the micro channel. (b) The multilayer channels contracting toward the downstream microreactor
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(solution B) supplied from multi-outlet holes flows into the layered first liquid.

Then, both fluids form a multilayered flow at a contraction flow part on the bottom

of the chip to produce the thin flow of fluids (Fig. 8.1b).

8.3.2 Evaluation of Mixing Performance of Prototype
Microreactors

Mixing performance of the prototype microreactors was evaluated by using the

Villermaux-Dushman method [17], shown in Fig. 8.2a. By this method, the side

reaction product, I3
�, was spectroscopically measured by using the mean of UV

absorbance at 350 nm. Therefore, lower UV absorbance indicates higher mixing

performance. The mixing performance of the split mixing microreactor was higher

than that of the multimixing microreactor and that of a conventional batch method

(Fig. 8.2b). From this result, the split mixing microreactor was selected for further

analysis of 18F-labeling reaction.

Fig. 8.2 (a) Schematic of the Villermaux-Dushman method. (b) Mixing performance of the split-

flow and interflow (“split mixing”) microreactor (◇) and the multilayer channels contracting

toward the downstream (“multimixing”) microreactor (△)
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8.3.3 18F Labeling of Bovine Serum Albumin (BSA) by
N-succinimidyl-4-18F Fluorobenzoate (18F-SFB)

The 18F-labeling reaction of BSA by 18F-SFB was examined to evaluate the 18F-

labeling performance of the split mixing microreactor. This reaction consists of a

main reaction (18F labeling of BSA) and a side reaction which produce 18F-

fluorobenzoic acid (18F-FBzA) as a by-product (Fig. 8.3a).

As shown in Fig. 8.3b, the 18F-labeling yield of BSA obtained by using the split

mixing microreactor was almost the same as that by using the conventional batch

method (Fig. 8.3b). A by-product, 18F-FBzA, was synthesized in the same manner

as that of batch method. These results suggest that as well as the main reaction, the

side reaction is likely to proceed due to the higher mixing performance of the split

mixing-type microreactor; therefore, the higher mixing performance might not be

effective for increasing the 18F-labeling yield of BSA.

Fig. 8.3 (a) Synthesis of 18F-labeled BSA by N-succinimidyl-4-18F fluorobenzoate (18F-SFB). (b)

Time courses of 18F-BSA (○, ●), 18F-FBzA (△, ~), and 18F-SFB (◇, ◆) synthesis of the split

mixing microreactor (solid line) and the conventional batch method (broken line)
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The reaction time of 18F labeling of BSA was estimated from a reaction rate

constant calculated from the HPLC data. The estimated reaction time (10 min) for

the 18F labeling of BSA by the microreactor method was shorter than that by the

batch method (12 min). This result suggests that high mixing performance contrib-

utes to shortening the reaction time.

8.3.4 18F Labeling of 1-(20-nitro-10-imidazolyl)-2-O-
tetrahydropyranyl-3-O-toluenesulfonylpropanediol
(NITTP) by 18F

To further evaluate the 18F-labeling performance of the split mixing microreactor,

the 18F-labeling reaction of NITTP was investigated (Fig. 8.4a). NITTP is a

precursor for the synthesis of 18F-fluoromisonidazole (18F-FMISO), which is a

PET imaging probe for determining the tumor hypoxia in vivo [19].

The 18F-labeling yield of NITTP (at reaction time of 10 min) obtained by using

the microreactor was 26 %, which is about half of that by using the batch method

(59 %) (Fig. 8.4b). By measuring the total 18F activity of all solutions applied for

the microreactor reaction, only 65 % of the initial 18F activity was recovered, and

about 20 % of that was remained in the micro channels of microreactor. This result

suggests that the low NITTP-labeling yield is due to adsorption of naked 18F to the

Fig. 8.4 (a) Synthesis of 18F-NITTP and 18F-FMISO. (b) Time courses of 18F-NITTP synthesis of

the split mixing microreactor (○, solid line) and the conventional batch method (△, broken line)
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surface of micro channels. To improve the 18F-labeling yield of NITTP attained by

naked 18F, the material used for the microreactor should be reexamined.

8.3.5 Screening of Material for the Split Mixing
Microreactor

As a first step of selecting the material for the microreactor, prescreening of

candidate materials was carried out with solvent resistance and solvent absorption

as indexes. The solvent resistance and absorption of seven kinds of materials,

namely, polyvinyl chloride (PVC), polystyrene (PS), acrylonitrile-butadiene-sty-

rene resin (ABS), methacrylate resin (PMMA), polycarbonate (PC), polypropylene

(PP), and cyclo olefin polymer (COP), were tested for acetonitrile (MeCN),

dimethyl sulfoxide (DMSO), hydrochloric acid (HCl), sodium hydroxide

(NaOH), and ethanol (EtOH) at 25, 50, and 80 �C. Among these materials, PP

and COP exhibited relatively better solvent resistant and lower solvent absorption

than other materials. PP and COP exhibited excellent solvent resistant and lower

absorption for HCl, NaOH, and EtOH; however, at the higher temperature, PP

showed a decrease of solvent resistant and COP showed little absorption of solvent

(Table 8.1).

As a candidate material for the microreactor, COP was selected for the

microreactor because of the higher solvent resistance at high temperature (80 �C)
of COP. As a preliminary experiment, a prototype COP microreactor was fabri-

cated, and the remaining 18F activity after passing a 18F containing solution through

the micro channels of the COP microreactor was determined. The remaining 18F

activity was about 5 % of total 18F activity injected into the microreactor, which is

lower than that (35 %) in the case of Al2O3 microreactor. This result indicates that

the COP microreactor is applicable to efficient 18F labeling for PET imaging probe.

Table 8.1 Solvent resistance and absorption test

MeCN DMSO

Temp (�C) 25 50 80 25 50 80

PP Resistance + + � + + +

Absorption(μl) <5 <5 5 ~ 10 <5 <5 <5

COP Resistance + + + + + +

Absorption(μl) <5 <5 <5 <5 5 ~ 10 5 ~ 10

+, resistance; �, nonresistance
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8.4 Conclusion

Although the higher mixing performance of the microreactor did not significantly

contribute to increasing the 18F-labeling yield, it did contribute to shortening the

reaction time. Moreover, selecting the appropriate material for the microreactor is

crucial from the viewpoint of developing a microreactor platform that enables the

synthesis of various 18F-labeled PET probes.
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