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Abstract 

Nitrogen-13 labeled ammonia ([13N]NH3) has been used for myocardial perfusion imaging with 

Positron Emission Tomography for decades. Recent increases to regulatory oversight have led to 

stricter adherence Good Manufacturing Practice (GMP) to produce this short half-life (9.97 min) 

radiopharmaceutical. This has increased production costs. Our cyclotron facility initially developed a 

manual GMP production method, but it was prone to human error. With increased costs in mind, we 

developed and validation an Arduino-based device to purifying [13N]NH3 for clinical use. Construction, 

programming, and GMP validation results are discussed. The automated method was found to 

produce equivalent quality radiopharmaceutical but was more reproducible and robust.  

Introduction 

Radiopharmaceutical production is challenging even for the simplest molecules. Common 

radionuclides used for Positron Emission Tomography (PET) have short half-lives and emit high 

levels of radiation. These factors necessitate rapid production methods in a shielded, controlled 

environment. Additionally, if these imaging agents are destined for human administration, they must 

be produced in an aseptic environment and tested for release as any other pharmaceutical. These 

constraints have encouraged automating routine radiopharmaceutical production. For our purposes, 

we sought a robust automation of nitrogen-13 (t1/2 = 9.97 min, β+ = 100%, Emax B+ = 1.19 MeV) 

labeled ammonia production for use in PET myocardial perfusion imaging.1–3 



Approximately 1 in 12 Canadian adults 20 years of age and older live with diagnosed coronary heart 

disease with coronary artery disease (CAD) making up most cases.4 CAD leads to stiffer and 

narrower coronary arteries which can result in hypoxia and ischemia of the cardiac muscles. This 

deficiency of oxygen and nutrients in cardiac muscles makes it difficult for the heart to pump and 

transport blood around the body. Decreased perfusion of the cardiac muscles can lead to angina or a 

myocardial infarction (MI). It is, therefore, crucial to monitor those with CAD to allow early diagnosis 

and guide treatment to prevent further progression.5 While [13N]NH3 is an excellent perfusion 

biomarker, it’s short half-life requires a well coordinated production, often timed to coincide with stress 

testing.3 Reliable, on-demand production methods are therefore required to meet clinical needs. 

Production methods involved 1) reducing the [13N]NOx species from the cyclotron target to [13N]NH3 

using TiCl3 or DeVarda’s alloy, or 2) direct production within the target using additives such as 

ethanol, hydrogen, or methane to prevent oxidation. These methods have been recently reviewed 

elsewhere.8 For simplicity post-bombardment, in-target production9 is preferred. . One simple and 

effective method passes the target solution through a quaternary ammonium cartridge with [13N]NH3 

trapping onto a cationic capture cartridge in series.10 This removes any 13N-labeled anionic species 

as well as any potential [18F]fluoride from small amounts of 18O in the target solution. The product is 

then selectively eluted with sterile saline through a 0.22 µm sterile filter. These steps require actuating 

a valve by hand or through automation. If radiation exposure was not a concern, then simply turning 

two stopcocks would suffice. Manipulator arms could be used to rotate disposable stopcocks if an 

operator with adequate skill is available. This was how we initially produced [13N]NH3 for 3 years of 

clinical studies.  

As one can imagine, turning the stopcocks with manipulator arms was not an easy task. There were 

many instances where the tubing would snag and disconnect or turning the stopcock would accidently 

pull the apparatus apart. Ergonomically, it was a strain on the operator to conduct such fine motor 



movements repeatedly, leading to increased errors when multiple batches were produced in a single 

day. To improve reliability, we sought a means to automate the [13N]NH3 production. 

From the advent of PET radiochemistry, in-house automated apparatuses have been assembled to 

handle the transfer, heating, and purification during productions.11,12 To construct and maintain these, 

a high degree of electrical engineering and programing experience were required. Various 

commercial instruments are now available, but these are expensive and often cumbersome to 

customized productions. For the simplest productions of very short half-life radiopharmaceuticals 

such as [13N]NH3, these commercial systems are overly complicated and costly.  

Recent availability of easy to assemble and program microprocessors, such as Arduino or Raspberry 

Pi, have improved access to the non-initiate. As radio–chemists or –pharmacists, these inexpensive 

devices can be assembled through many online tutorials from a large community of do-it-yourself 

scientists and creators, without needing a background in electrical engineering. Open-source 

programming also permits a novice with basic programming knowledge to program code to operate 

these homemade devices. One recent example developed an elegant device for producing 

[11C]acetate without having to alter existing infrastructure.13  

As one of the oldest clinically used radiopharmaceuticals, [13N]NH3 costs have historically been low. 

As more regulatory burden has been placed on its production, there has been upward pressure on 

price to recover production costs. To maintain the low cost of this simple positron-emitting 

radiopharmaceutical, we sought to avoid commercially available devices in favour of constructing an 

Arduino-based valve controller. The construction and validation of this apparatus will be discussed 

below. 



 
Figure 1. The Nitrogen-13 Ammonia Manufacturing (NAM) device assembled to automatically purify 
[13N]NH3. The fluid pathway is on top of the electronics in encased in plastic. A 30 mL vial on left is for 
waste and the 10 mL vial on right is the final product vial. 

 

Method and Materials: 

Production and Purification of [13N]NH3  

A 10 mM ethanol solution in ultra low conductance water (4 mL; Millipore Omnitrace Ultra water; 

WX0003) was bombarded with a 40 μA proton beam for 10 min using an 18 MeV GE PETtrace. The 

nitrogen-13 target effluent flowed from the cyclotron through two ion exchange cartridges. A Waters 

QMA chloride (WAT023525) cartridge captured the anionic impurities and a Waters Accel CM 

(WAT020550) cartridge trapped the [13N]NH3. The remaining fluid flowed into a waste container. 

Upon complete delivery of the target contents, the valves (manual stopcocks or solenoids) were 



switched to secondary positions. In this second valve position (Figure 3b), the QMA cartridge was 

bypassed and nitrogen driven saline flowed through the Accel CM cartridge to elute the [13N]NH3 

through a sterile filter (Millipore Millex-GP PES 33 mm, 0.22 μm; SLGP033RS) into a final product 

vial.  

Electronic Assembly  

The three main components were the Arduino UNO, a protoboard, and solenoid valves (Figure 2). A 

triggering button (Judco Manufacturing 50-00015-00) was wired into the UNO (Arduino A000073) 

position 2 and ground on the protoboard (Twin Industries TW-E41-1020). The gate terminal of two N-

channel MOSFET (ON semiconductors FDP8447-L) transistors were connected to position 3 and 5 

while the drain was connected to the solenoid (Burkert 0127 3/2 rocker valve), and the source to 

ground. Note the connected diode (ON semiconductor 1N5934BG) circuit to the MOSFET drain. This 

diode prevents damage to the circuit from built up charge in the solenoid. Positions 11 and 12 of the 

UNO were connected to the LED lights through 221ohm resistors (Yageo MFR-25FBF52-221R). Two 

red light emitting diodes (LED; Cree Inc. C503B-RAN-CZ0C0AA1) were installed as visual cues for 

triggering the solenoid valves. One light was installed per solenoid as two sets which were wired in 

parallel. A 24V plug-in AC/DC power supply (Triad Magnetics WSU240-0500) was connected to the 

protoboard. The solenoid valves required 24V to actuate but this voltage is too high for the UNO 

microcontroller. To avoid using two power sources, a 12V DC-DC converter (Traco Power TMV 

2412SHI) was used to lower the voltage to power the UNO. This converter was connected to the 

Arduino Uno through the power port. Jumper wires used were from Adafruit Industries (part number 

153). A close-up image of the constructed circuit is found in Figure 5. 



 
Figure 2. Electronic schematic drawn using Fritzing (version 0.9.9).14 

Programming 

The code used to control the microcontroller is in Figure 3. The setup section sets the initial state of 

the pins while the loop is the main logic. In the setup, the button is set as an input, and the valves and 

LEDs are set as outputs. The loop code detects the button status by checking if the circuit path is 

closed to the Arduino Uno from the power supply. This code repeats on a cycle to constantly check 

the button state to switch the valves off if the incoming current path is opened by hitting the button 

once more which switched the solenoid valves back to position 1 (Figures 4 and 5). 



// This initial part is to set variables to know which pin of the Arduino contains which parts of 
the circuitry. 

int Valve1=3; 
int Valve2=5; 
int LED1= 11; 
int LED2= 12; 
int buttonPin = 2; 
 

// This void setup section allows us to tell the Arduino which components it will send voltage to 
and which it will need to read as input voltage. 

void setup() { 
  // put your setup code here, to run once: 
  pinMode(Valve1, OUTPUT); 
  pinMode(Valve2, OUTPUT); 
  pinMode(LED1, OUTPUT); 
  pinMode(LED2, OUTPUT); 
  pinMode(buttonPin, INPUT_PULLUP); 
} 

 
// This void loop is the main part of the logic as it allows us to read the pushbutton input status 
and turn the valves/LED’s on and off based on this input value from the pushbutton. 

void loop() { 
  int buttonReading = digitalRead(buttonPin);  
   
  if (buttonReading==LOW) { 
      digitalWrite(Valve1, HIGH); 
      digitalWrite(Valve2, HIGH); 
      digitalWrite(LED1, HIGH); 
      digitalWrite(LED2, HIGH); 
      delay(2000); 
      analogWrite(Valve1, 153); 
      analogWrite(Valve2, 153); 
 
      } else { 
      digitalWrite(Valve1, LOW); 
      digitalWrite(Valve2, LOW); 
      digitalWrite(LED1, LOW); 
      digitalWrite(LED2, LOW); 
      } 
} 

Figure 3 – Arduino code for operating the automated, two valve apparatus for purifying [13N]NH3 

Fluid pathway 

The cyclotron target outlet was connected to the top of the QMA chloride cartridge which was placed 

onto the common position of the first solenoid valve (Figure 4). The normally open (NO) outlet was 

connected to the common position of the second solenoid while the normally closed position is 

attached to a reservoir capable of holding 8 mL of sterile saline. The second solenoid valve is 

connected to a waste container (NO) and the final product vial (NC). The apparatus was cleaned with 

8 mL of water and ethanol then dried with nitrogen between each production. A machined holder was 

manufactured in-house. 



Validation protocol 

Two preliminary doses of [13N]NH3 are prepared for sterility and quality control testing, respectively, 

prior to preparing patient doses. This limits septum punctures and allows for sterility testing of the first 

batch produced, which is at greatest risk as repeated high activity deliveries will flush and sterilize the 

fluid pathway. For production validation, additional quality control testing was conducted on the final 

dose produced to bracket testing. All doses in a production batch were prepared in an identical 

manner and assumed to meet the same release specification as those undergoing quality testing. All 

testing, as outlined in product monographs,10 were validated in house with results tabulated in Table 

1. 

Results: 

Originally to keep costs to a minimal, a manual apparatus was developed by our prototyping facility to 

hold the cartridges and stopcocks. This was adequate to validate the GMP production of [13N]NH3 

(results in Table 1) but was prone to operator errors. These necessitated the repetition of quality 

control and/or patient dose productions, or the complete failure to release [13N]NH3 for patient 

injection. Both setbacks resulted in wasted resources without cost recovery and the delay of patients’ 

important PET imaging results. Thus, we endeavoured to construct an automated device. 

The circuitry (Figures 2 and 5) and plumbing (Figures 1 and 4) were successfully assembled in the 

hot cell with the button accessible from outside or placed inside (can press with manipulator arms) 

After uploading and testing the operating code to the Arduino board, the performance of the 

apparatus was tested. As intended, the valves switched when the pushbutton was pressed. The LED 

lights were on when the valves were in position 2 and off at valve position 1 following a second button 

push (Figure 5). For a typical 10 min, 40 μA bombardment we will obtain roughly 10 GBq of [13N]NH3 



as the 16O(p,α)13N reaction produces 1788 ± 181 MBq/μAh. In a preliminary test with the automated 

device, we obtained 9.4 GBq at end of synthesis (EOS). 

 
Figure 4. Fluid pathway connections with the solenoid valves in initial (left) and triggered (right) 
positions. Overlaid green lines illustrate fluid path. 

 

We have previously validated the manual purification method and produced dozens of [13N]NH3 

doses over the two-year period that we were supplying the clinical PET instrument. Due to the short 

half-life of 13N and our physical setup, it was more practical to produce preliminary batches for sterility 

and quality control (QC) testing than to rush testing for release of human doses. Our protocol was to 

first obtain a sterility sample as this represented the greatest risk due to delivery lines sitting idle. The 

high concentration of ionizing radiation and pressure from target delivery would likely clear the lines 

initially if anything was present. As we have not observed any positive growth in our sterility testing, 

this hypothesis remains valid although no positive control experiments have been attempted.  

A QC batch is produced second prior to preparing any human doses. This allows for QC staff to 

comfortably complete testing without rushing. A second QC sample was tested from the final batch 

produced, thus bracketing all doses with quality control. Initially this was the sixth patient dose (eighth 

batch overall), but we found demand was not that high. We switched to a two-patient dose 

[13N]NH3 
from 

Cyclotron 

N2 Driven 
Saline 



qualification for the automated purification (four batches in total). If on a rare occasion more than two 

[13N]NH3 doses were required, we would have to produce another sterility and QC batch for the third 

and fourth doses.  

 
Figure 5. Close up of circuit before (left) and after (right) triggering the device via a push button. 

Testing results are summarized in Table 1. For manual and automated methods, we obtained 11.9 ± 

1.3 and 13.7 ± 3.6 GBq at EOS, respectively. We found no difference between the two methods 

regarding [13N]NH3 quality. Importantly from a patient safety standpoint, there were no failing results 

with sterility, endotoxin levels, or residual ethanol related to the reusable valves and tubing. The only 

major difference was a lack of production failures due to human error. On average, the manual 

purification method would fail roughly once every seven batches produced. When considering that a 

minimum of three batches are required, that translated into almost every third patient missing their 



dose. Common causes of failure were disconnected tubing (caught on manipulator arms or twisted off 

with turning stopcock) or errors assembling the disposable stopcocks and tubing. Improvements to 

reproducibility was a main objective to this work. Anecdotally, the production staff has mentioned 

improved ergonomic comfort without having to turn stopcocks with the manipulator arms. Safe and 

happy production staff is an additional benefit of automating the valve switching with a button push. 

Table 1. Results from GMP production validation protocols 
Specification Release Criteria Manual Automated 
Radioactivity 

Concentration NLT 740 MBq/mL at EOS 1485 ± 159 1831 ± 69 

Radionuclidic Identity 9.47 < t½ < 10.47 min 9.73 ± 0.04 9.98 ± 0.24 

Radiochemical Identity tR NMT 10% from standard 1.6 ± 0.6% 1.8 ± 0.1% 

Radiochemical purity NLT 95% 99.6 ± 0.2 % 99.9 ± 0.1% 

Radionuclidic purity NLT 99.5% gamma emissions 
corresponding to 511 keV  

100% 100% 

pH 4.5 – 7.5 6.6 ± 1.2 7.4 ± 0.2 

Residual Ethanol NMT 5000 ppm 3 ± 2 4 ± 3 

Bacterial Endotoxin NMT 21.9 EU/mL < 2.5 < 2.5 

Appearance Clear, colourless, particulate free Conforms Conforms 

Sterility No growth Conforms Conforms 

Number of productions (n) 104 12 
Failures 15  0 

NLT = no less than, NMT = no more than, EOS = end of synthesis, tR = retention time,  
EU = endotoxin units 
 

Due to the COVID-19 global pandemic, [13N]NH3 scans have not yet been produced for patient using 

this automated procedure. This has limited our data to solely the production validation (n = 12). 

Additionally, the project protoboard used to create the circuit is crude and should be improved with a 

proper Arduino shield. Given the exposure to high levels of ionizing radiation, a lead shielded case 

will be constructed such that the Arduino device can remain in the hot cell. Currently, it is removed 

between productions. Coupled with the protoboard construction, this removal introduces opportunities 

for disconnections within the circuit. Our code could also be refined to include pulse width modulation 

once the solenoid valves are activated. This would only supply enough current to keep the solenoids 



energized as full current generates significant heat, leading to increased wear on the solenoid and 

accelerating component failure.  Lastly, while the reliability of a physical button is unparalleled, a 

wireless trigger (potentially a smart phone app) is sought to further minimize the wired connections. 

Conclusion 

This low-cost, easily assembled device was able to reliably produce [13N]NH3 to cGMP standards. 

When compared to our standard manual procedure, the automated Arduino-based device prerformed 

as well in terms of product quality with fewer failures. For less than $100, a compact device was 

assembled and programmed. With limited experience, the barrier to building this was quite low. The 

large, open-source community of DIY-ers permits immense possibilities to improve and expand upon 

this initial build. This simple production does not require sensors or a user interface, but these could 

be easily incorporated. More use of these open-source tools will lower access barrier to automating 

radiochemistry procedures, freeing tight budgets for conducting more innovative research.  
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