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Abstract 

Background: Patients in neonatal intensive care unit (NICU) settings, often receive 

multiple, high concentration intravenous (IV) medications through a single IV access 

point, via three-way (Y-site) connectors. Due to fluid restriction, IV medications are 

infused at a very slow flow rate to avoid adverse effects of fluid overload. As such, the 

drugs remain in contact with each other for long periods of time, hence, their 

physicochemical compatibility is an important consideration. Physical incompatibility 

can present as precipitation, turbidity, particle formation, colour change, and evolution 

of gas, leading to adverse consequences such as infusion line occlusion and 

thromboembolism. Chemical incompatibility can lead to reduction in drug 

concentrations resulting in suboptimal clinical outcomes or adverse effects if toxic 

compounds are formed. Hence, for optimal neonatal drug therapy, reliable 

physicochemical compatibility data, pertaining to NICU drugs and parenteral nutrition 

(PN) solutions, should be available.  

Amongst the many drugs used in NICU’s, sildenafil and caffeine are two life-saving 

medications. Sildenafil is effectively used to treat pulmonary hypertension and 

caffeine is a respiratory stimulant used to treat apnoea in premature neonates.  

Aims: The research project consisted of three components. The first was conducting a 

systematic review of physicochemical compatibility of IV drugs used in NICU 

settings. Secondly, the physicochemical compatibility of sildenafil with 45 other 

NICU drugs and 2-in-1 PN solutions was evaluated. The third component involved 

investigating the physicochemical compatibility of caffeine citrate and caffeine base 

injection with 43 secondary IV drugs and 2-in-1 PN solutions used in NICU settings.  
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Methods: In conducting the systematic review, the ‘SPIDER’ systematic review model 

was used to formulate the research question. The search strategy included a 

predetermined list of NICU drugs prepared by a clinical expert panel. Selection of 

abstracts from database search results, was facilitated by a semi-automated, machine 

learning tool, ‘Research Screener’. The selected articles were then subjected to full-

text reading to include in the review, based on pre-determined inclusion criteria. Using 

a pre-tested data extraction sheet and a quality assessment instrument, data pertaining 

to the type of compatibility studied, study setting, drug(s), concentrations tested, 

diluents used, conditions used to simulate contemporary neonatal setting, method of 

mixing drugs, test conditions, methods to test physical and chemical compatibility, key 

results, and conclusions, were collected. Statistical and narrative synthesis of data was 

carried out to have implications for future research.  

To investigate the physicochemical compatibility of sildenafil with other NICU drugs 

and 2-in-1 PN solutions, sildenafil 600 µg/mL or 60 µg/mL was mixed 1:1 with the 

secondary drug solution to simulate Y-site co-administration procedures. Physical 

compatibility was evaluated by visual observation against a black and white 

background and under polarized light for 2 hours, for changes in colour, precipitation, 

haze and evolution of gas. Chemical compatibility was determined from sildenafil 

concentrations, using a validated, stability-indicating high performance liquid 

chromatography (HPLC) assay.  

To investigate the physicochemical compatibility of caffeine citrate and caffeine base 

injections with other NICU drugs and 2-in-1 PN solutions, caffeine citrate (20 mg/mL 

or 10 mg/mL) or caffeine base injection (10 mg/mL) were mixed with the secondary 
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drug solutions and physicochemical compatibility testing was carried out in a similar 

experimental procedure as outlined above.  

Results: In the systematic review process, data base searching, and deduplication 

produced 27,597 articles for initial screening, of which, 118 were selected for the 

review. The majority (72%) had only evaluated physical compatibility, 2% evaluated 

chemical compatibility only, and 26% evaluated both physical and chemical 

compatibility of selected IV drug combinations. Physical compatibility has been 

evaluated by both visual and subvisual methods. HPLC was the most widely used 

technique to assess chemical compatibility. Although physical compatibility data are 

available for crucial NICU drugs such as inotropes and prostaglandins, there are 

limited chemical compatibility data for several drugs, including epinephrine and 

alprostadil. Sildenafil and caffeine have been limitedly studied for combined 

physicochemical compatibility. 

Sildenafil 600 µg/mL was physicochemically compatible with 29 of the 45 drugs 

tested at ‘high-end’ clinical concentrations and physically incompatible with 16 drugs 

and six 2-in-1 PN solutions. Sildenafil 600 µg/mL was compatible with lower, 

clinically relevant concentrations of calcium gluconate, heparin, and hydrocortisone. 

Aciclovir, amoxicillin, ampicillin, ibuprofen lysine, indomethacin, phenobarbitone 

and rifampicin were incompatible with sildenafil 600 µg/mL, but compatible with 

sildenafil 60 µg/mL. Amphotericin, flucloxacillin, furosemide, ibuprofen, meropenem 

and sodium bicarbonate were incompatible with sildenafil 600 µg/mL and 60 µg/mL. 

In the caffeine compatibility evaluation, six of the 43 secondary drugs tested (aciclovir, 

amphotericin (liposomal), furosemide, hydrocortisone, ibuprofen and ibuprofen 

lysine) were physically incompatible with caffeine citrate undiluted injection (20 
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mg/mL), at their high end, clinically relevant concentrations for NICU settings. 

However, when tested at lower concentrations, hydrocortisone (1 mg/mL) was 

physicochemically compatible, whereas furosemide (0.2 mg/mL) was physically 

incompatible with caffeine citrate. The six drugs which showed physical 

incompatibility with caffeine citrate 20 mg/mL injection were also physically 

incompatible with caffeine citrate 10 mg/mL solution. All 43 secondary drugs tested 

were physicochemically compatible with caffeine base injection. The 2-in-1 PN 

solutions tested were physicochemically compatible with both caffeine citrate (20 

mg/mL) and caffeine base (10 mg/mL) injections.  

Conclusions: By its machine learning-aided article ranking system, Research Screener 

tool significantly reduced the burden of article screening, resulting in only 10% of 

abstracts within a large search database (~ 25000 articles) having to be evaluated in 

order to identify eligible studies. Although physicochemical compatibility information 

is imperative for clinical decisions, these combined data are reported in <30% of 

published literature. Therefore, an increased focus on physicochemical compatibility 

studies with direct relevance to contemporary healthcare settings will enhance the 

existing databases and provide greater support for clinical decisions. 

Sildenafil 600 µg/mL was physicochemically compatible with approximately 70% of 

the 45 clinically relevant IV drugs used in NICU settings that were tested in the present 

study. Most secondary test drugs were physicochemically compatible with caffeine 

citrate injection. Caffeine base injection was physicochemically compatible with all 

43 test drugs tested. 
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Chapter 1  

Introduction & Literature Review  

1.1 Background 

Worldwide, 1 in 10 babies is born preterm (babies born alive before 37 weeks of 

pregnancy are completed). This is an estimated one baby every two seconds [1]. An 

estimated 13.4 million newborn babies were born preterm in 2020 compared with 13.8 

million in 2010 (9.8% of all births) worldwide [2]. According to the Australian Preterm 

Birth Prevention Alliance, established in 2018, more than 26,000 Australian babies are 

born preterm each year [3]. According to the 2021 statistics, in Australia, a proportion 

of 8.2% of births were preterm, and 90% of babies who required resuscitation were 

more likely to be born preterm [4]. Preterm birth related complications are the leading 

cause of death among children under 5 years of age, responsible for approximately 900 

000 deaths in 2019 [5]. Ensuring the safe care and survival of this extremely vulnerable 

population is therefore of upmost importance. 

1.1.1 Neonates and neonatal intensive care 

‘Neonate’ is an umbrella term used to represent term, post-term and preterm babies. 

Term and post-term includes births after 37 weeks of gestation whilst any birth 

occurring before 37 weeks of gestation, or fewer than 259 days since the first day of 

the woman's last menstrual period, is considered ‘pre-term’ [6]. The neonatal period of 

a term or post-term baby is defined as the first 28 completed days of life. Whereas for 

a preterm infant, the neonatal period spans the 28 completed days post the expected 

delivery date [7].  
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High-risk premature babies, and full-term neonates with serious medical conditions, 

are often admitted to neonatal intensive care units (NICU) for specialised treatment. 

Common conditions requiring NICU admission include, but are not limited to, 

prematurity, low birth weight (<2500 g), requirements of medication or resuscitation, 

congenital heart defects, respiratory distress, infections, seizures, jaundice and 

additional support requirements such as intravenous (IV) therapy and blood 

transfusions [8-14]. Some of these conditions may coexist in this group of patients, 

demanding co-administration of multiple medications.  

The vast majority of medications available for administration to neonates are designed 

as oral liquid or parenteral formulations. Overall, oral drug delivery is preferred in 

paediatrics due to its non-invasiveness, the low risk of pain, thus likely improved 

compliance [15]. However, it has several drawbacks for use in unwell neonates; for 

example, difficulties in drug taste masking, inability to swallow, drug absorption and 

metabolism changes due to reduced gastric emptying and altered expression of drug 

transporters and enzymes in neonates. As most neonates in the NICU are too small, or 

sick, to receive medicines or fluids by mouth, IV drug administration is required.  

In addition to IV drugs, parenteral nutrition (PN) solutions and admixtures form an 

integral part of neonatal care. PN, the IV infusion of a specialised form of liquid 

nutrition, is critical in many preterm and low-birthweight babies who are unable to 

receive adequate nutrition by mouth. Each PN solution provides full nutritional 

requirements, including all essential macro and micronutrients; carbohydrates, 

vitamins, amino acids, lipids, electrolytes, and trace elements. Carbohydrates and 

lipids are utilized as a non-protein energy source, whilst lipids also provide essential 

fatty acids and long chain poly unsaturated fatty acids which are crucial for neonatal 

brain and retina development [16].  



3 

 

1.1.2 Parenteral drug/fluid delivery in neonates 

IV drug administration in neonates is a complex process, both technically and 

pharmacokinetically.  Fluid restriction, slow flow rates, high drug concentrations and 

the use of multiple drugs in treatment regimens are key challenges in neonatal IV drug 

administration.  

1.1.2.1 Fluid restriction and subsequent high standard drug concentrations 

used in neonates 

Fluid overload in neonates may give rise to haemodynamic instability, thus increasing 

the risk of morbidity and mortality [17]. Extreme care should be taken to avoid fluid 

overload in neonates as the blood volumes range from approximately 250 mL for a 

term neonate and to less than 60 mL for a pre-term neonate [18, 19]. The fluid 

allowance of a full-term neonate is 100-140 mL/kg/day, with a typical fluid infusion 

rate of 10-20 mL/h [20], and for neonates weighing less than 1 kg, it is 3-5 mL/h 

(compared to 100 mL/h in adults) [21]. Consequently, in fluid restricted neonates, IV 

solutions must be concentrated so that slow infusion rates and low volumes of IV fluids 

are administered [22].  

1.1.2.2 Multidrug therapy  

In critical care settings, neonates may receive in the order of 3 to 11 IV medications, 

many of which may be unlicensed for paediatric use or used off-label [23]. Due to the 

lack of reliable data around physicochemical compatibility of these multitude of 

medications, dedicated IV cannulas must be used for drug administration for neonates 

[24, 25]. However, obtaining multiple IV access in neonates is difficult due to the 

potential complications (e.g., pain, embolism, phlebitis, extravasation and infections) 

[26]. Therefore, to avoid mixing different drug solutions in one IV container, and to 
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administer multiple IV medicines via a single access point with minimum contact time 

between drugs, Y-site (three-way) and multi-lumen connectors are used (Figure 1.1 

and 1.2).  

 

 

Figure 1.1 An illustration of a Y-site connector used to infuse two medications 

simultaneously to the patient (adapted from IV Sets and Access Devices Product 

Catalog—B. Braun Medical Inc., effective June 2017) 

 

Figure 1.2 An illustration of a multi-lumen connector used to infuse multiple 

medications simultaneously to the patient (adapted from IV Sets and Access Devices 

Product Catalog—B. Braun Medical Inc., effective June 2017) 

 

In clinical practice, Y-site connectors and multi-lumen connectors are used to 

simultaneously administer multiple drugs through a single port, if compatibility 

information is available.  
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1.1.3 Importance of drug compatibility during co-administration of multiple 

drugs 

Drug incompatibilities are undesirable interactions that take place during drug 

preparation or administration process, when two or more drugs are mixed in a single 

syringe, tube or container [27].  

Due to the very slow flow rates, and the dead space of drug infusion connectors and 

tubing, drugs may remain in contact with each other for considerably long periods of 

time before entering the neonatal circulation. As the infused drugs are of high 

concentration (due to fluid restriction in neonates) and the nutrition solutions are 

complex and unstable [28], there is potential for drug incompatibilities to occur within 

these connectors [29]. Incompatibilities can present as physical and/or chemical 

incompatibility reactions and may contribute to adverse events in patients. The nature 

of drug incompatibilities and subsequent complications are discussed in section 1.2.  

A study has reported that drug incompatibilities account for 14.3% of all medication 

errors in intensive care unit (ICU) settings [30]. Further, a NICU study has shown that 

potential drug incompatibilities are extremely common, with half of the population 

susceptible to simultaneous administration of incompatible medications [31]. It further 

highlights the need of further research to determine all potential drug incompatibilities 

and their clinical outcomes.  

In the adult setting, drugs should be at least physically compatible for Y-site 

administration, due to typically low contact time as a result of method of 

administration and medium to high flow rates. Chemical compatibility is of concern if 

the drugs are combined in the same container (syringe or bag), with a longer expected 

contact time [32] . However, in the neonatal setting, consideration of both physical and 
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chemical compatibility is critical for Y-site administration, due to both longer contact 

duration and higher concentration of drugs. If reliable compatibility data is 

unavailable, medications or PN solutions may have to be temporarily stopped to 

prevent the risk of incompatibility. This may lead to suboptimal clinical outcomes, 

including malnutrition [33].   

Against this background, there is a critical need for robust data on the combined 

physical and chemical compatibility for a diverse range of IV drugs, PN solutions and 

other IV fluids, commonly used in NICU settings.   

1.1.4 Availability of physical and chemical drug incompatibility information 

The review conducted by Kanji et al., concluded that studies conducted to provide Y-

site compatibility data are limited for common medicines used in ICU patients, and 

this may contribute to unsafe medication practices [32]. In a study conducted in a 

paediatric intensive care setting, 10.3% of commonly used drug combinations did not 

have any compatibility data documented [34]. A study in a NICU reported that 15% of 

the drug combinations studied had no compatibility data available [35]. This critical 

lack of IV drug incompatibility data in neonates, particularly for co-administered 

drugs, was highlighted by  Kalikstad and colleagues, who concluded more research on 

IV drug stability at the concentrations and combinations used for neonates is warranted 

[25].   

1.1.5 Information sources for drug compatibility evaluation in hospitals 

Apart from compatibility study findings reported in literature, health professionals 

access different compatibility decision support tools such as contemporary handbooks 

[27], institutional or national electronic drug compatibility databases [36-38] and in-
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house IV compatibility cross-tables [39, 40] which compile currently available drug 

compatibility information. However, it is of paramount importance that these sources 

are regularly reviewed and updated by relevant authorities.  

1.2 Drug incompatibility 

1.2.1 Types of IV drug incompatibilities 

Drug incompatibilities are mainly categorized into physical and chemical 

incompatibilities. Physical incompatibilities are visually observable changes e.g. 

colour change, turbidity, precipitation, haze, gas formation; and sub-visible changes 

such as particle formation. Chemical incompatibilities are sub-visible and include 

chemical degradation of the drug and formation of toxic products [41]. These 

incompatibilities are dependent not only on the drug molecule chemistry itself, but 

also on other factors such as drug concentration, temperature, infusion solution and 

order of mixing.  

Abdelkader and colleagues [42], have conducted a detailed review of different 

mechanisms involved in physical and chemical drug incompatibilities.  

Mechanisms involved in physical drug incompatibilities include, acid-base reactions, 

ionic interactions, dilution-related incompatibilities, gas generating reactions, and 

emulsion cracking [43].  

Since a vast majority of drug molecules are organic weak electrolytes, acid-base 

reaction is the most common mechanism of drug incompatibility. This reaction occurs 

frequently in reconstituted drugs which are in their ionized or salt form. In these 

reactions, the pH change that occur in reconstitution or mixing with another solution 

leads to precipitation or insoluble drug. This process is influenced by the drug 

concentration. The pH dependent precipitation is usually rapid and is visually 
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observable as crystals, haze or turbidity [27, 43]. Walker et al. [44], investigated the 

physical compatibility of pantoprazole, an alkaline solution, with several acidic drug 

solutions including dobutamine, esmolol, midazolam, norepinephrine and octreotide.  

A precipitate was observed in the combination of pantoprazole with dobutamine and 

norepinephrine separately and a colour change in the combinations with esmolol, 

midazolam and octreotide. The authors have explained the pH difference in the 

solutions (pH>8 in pantoprazole and pH<4.5 in other drug solutions) as the probable 

cause for physical incompatibility. Furthermore, the incidence of physical 

incompatibility was found to be concentration-dependent, hence, recommendations 

were made to avoid higher concentrations in Y-site administration.  

‘Salting out’ or ionic interaction is another mechanism involved in incompatibility. 

This occurs when ionic bonds are generated between two opposing ions in the solution. 

Salts containing anions and cations (e.g. calcium, magnesium or sulfate) can form 

strong bonds and they are less soluble than salts with monovalent ions (e.g. sodium, 

potassium, chloride). Therefore it is recommended to avoid mixing drug salts of 

calcium or magnesium with phosphates, carbonates, bicarbonates or sulfates [43].  

Ambados (2002) has demonstrated the incidence of physical incompatibility between 

magnesium sulfate injection and solutions containing calcium at various 

concentrations [45]. The author stated that the incompatibility between calcium and 

sulfate ions would have been influenced by the concentration, pH and the contact 

duration.  

Precipitation of drugs in concentrated solution upon dilution with water or other IV 

fluid (e.g. saline) have been reported in a limited number of injection solutions (i.e. 

diazepam). These drug solutions are originally formulated in water miscible organic 

solvents such as alcohol, to improve solubility. Dilution of these non-aqueous 
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injections with water or water based diluents, may precipitate the drug until enough 

solution is added to dissolve the drug [46]. Morris investigated the compatibility of 

diazepam injection following dilution to different concentrations with diluents. The 

study has demonstrated that dilutions of diazepam ≤1:20 resulted in immediate 

precipitation [47].  Similar findings were obtained by the work of Onuki and 

colleagues who explained that precipitation might occur at diazepam concentrations 

that exceeds the solubility limit [48].  

Gas-generating reactions is another mechanism of physical drug incompatibility. 

Mixing acidic drug solutions with a parenteral solution containing carbonate or 

bicarbonate ions may generate insoluble carbonate precipitates and evolution of 

carbon dioxide. Several authors reported the incompatibility of acidic drugs with 

sodium bicarbonate solution [49-52].   

Emulsion cracking is another mechanism of physical drug incompatibility. Lipid 

emulsions, total parenteral nutrition (TPN) and certain drug formulations (i.e. 

diazepam) can be cracked (destabilized) if mixed with solutions containing high 

concentrations of positively charged ions. TPN contains oil droplets (pH 5-7), which 

have a coating of negatively charged phospholipids. Acidic pH reduces the negative 

charge on the lipid droplet surface, creating repulsion forces between particles, leading 

to coalescence. Similar flocculation can occur upon addition of electrolytes or cations, 

due to a change in the surface charge [53].  

Various chemical reactions including oxidation, reduction and hydrolysis, involve in 

drug incompatibility. Exposure to water (i.e. in reconstitution), oxygen, ultraviolet 

(UV) light, changes in pH and temperature can potentially accelerate these reactions 

[46]. 
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Oxidation may occur as a loss of electrons, as an addition of oxygen to a compound or 

as a loss of a hydrogen ion such as from a phenolic hydroxy group. Phenols and 

catechols in solution are oxidized to quinones and other products. The oxidation 

process is catalysed by light, oxygen, alkaline pH, heavy metal ions (Co2+, Cu2+, Fe2+, 

Zn2+), amines such as theophylline, and high temperatures. Such oxidized products are 

coloured pink or brown and therapeutically inactive [54]. Examples for drug oxidation 

in admixtures include aminophylline mixed with epinephrine or isoproterenol and 

addition of a trace mineral injection to any phenolic drug [55]. Common injectable 

phenolic drugs include morphine and phenylephrine, and catecholamines include 

dopamine, epinephrine, norepinephrine and isoproterenol [54].   

Hydrolysis (attack by water) occurs to amides, esters, imines, and lactams. The 

products of hydrolysis may or may not have therapeutic activity, and may be toxic or 

sensitising [54].  

Studies conducted by Uccello-Barretta et al. [56] and Bouchoud et al. [57] have shown 

that chemical instability issues are associated with the addition of some electrolytes, 

trace elements and vitamins to TPN admixtures.  

Of the ingredient components of TPN admixtures, vitamins are the most susceptible 

for chemical decomposition. Photodegradation, oxidation and interaction with the 

container material are the mechanisms by which these vitamins are degraded. Vitamin 

C is degraded by oxidation, vitamin B1 by reduction and vitamin A and E by exposure 

to daylight. Oxidation/reduction capacity, pH, temperature, presence of calcium and 

magnesium salts, all contribute to the stability of vitamins in TPN admixtures [58-60].  

Various physicochemical determinants lead to incompatibility in injectable drug 

solutions and admixtures. Factors leading to physicochemical incompatibilities in 
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admixtures include pH, acid-base character, solvent system, colour change, 

complexation, adsorption and salting-out [54]. 

Acidic or alkaline solutions with a pH of two or more units below or above the pKa of 

the weakly acidic or basic drug should be avoided due to the risk of precipitation of 

calcium, potassium or sodium salts of acidic drugs and precipitation of acid salts of 

amine drugs [61-63]. 

Ionic interaction of organic anions and cations in solution may result in precipitates, 

turbidity or transparent complexes with each other. Furthermore, the buffer effect of 

one ion may create an unfavourable pH for the opposite ion [61-63]. Generally, salts 

of weakly ionized acidic drugs (e.g. sodium and potassium salts) are incompatible with 

salts of weakly basic drugs (e.g. phosphates and sulfates) [64, 65].  

The presence of approximately 10% or more of a water miscible non-aqueous solvent 

(e.g. ethanol, propylene glycol) can affect the ionic equilibrium of a weakly ionizing 

drug. The resulting dielectric constant of the mixed solvent system favours dissolution 

of the nonionized drug species [63]. Injectable drug formulations containing such 

solvent systems include phenytoin, digoxin, phenobarbitone and diazepam [27]. 

Dilution of such hydroalcoholic solutions in aqueous solutions is undesirable as the 

solubility of the drug in water may be inadequate depending on the final concentration. 

These drugs should be administered by IV bolus injection or through Y-site (if the 

compatibility is previously determined) [66].    

Colour changes (e.g. darkening) can occur in antibiotics (aminoglycosides, 

cephalosporins, tetracyclines), catecholamines and phenolic drugs. However, these 

colour changes are not definitive indications of chemical degradation or loss of drug 

activity. For example, darkened cephalothin is acceptable until 24 hours of 
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preparation, slightly yellowed chlorpromazine solutions and darkened kenamicin 

solutions are usable [27]. However, dextrose can react with amino acid groups of 

amino acids and darken TPN solutions and subsequently lead to precipitation [67].     

Complexation is another phenomenon that leads to drug incompatibility. Tetracyclines 

form insoluble chelates with polyvalent metal cations such as Al3+, Ca2+, Fe2+ and Mg2+ 

[54]. Furthermore, metal chelating agents (e.g. EDTA which is used as a preservative 

in some injectables) should not be mixed with drugs containing polyvalent metal 

cations such as calcium chloride, calcium gluconate, iron dextran and magnesium 

sulfate [54]. 

Some antibiotics and protein products adhere to plastic leading to an incompatibility. 

For example insulin admixed in amino acid or protein solutions may separate from the 

solution and adhere to the plastic administration sets, syringes or needles [27].   

Certain electrolytes (e.g. sodium chloride), dextrose and antibacterial preservatives 

(e.g. benzyl alcohol) decrease the solubility of some drugs. For example, amphotericin 

B and erythromycin should be reconstituted only with unpreserved sterile water for 

injection prior to admixing [68].  

1.2.2 Complications of drug incompatibilities 

Previous studies have highlighted the adverse effects of drug incompatibilities on the 

safety and effectiveness of drug therapy in patients [69, 70]. The impact is more severe 

in intensive care settings, and particularly in high-risk patient populations such as 

neonates and children [31, 71].    

Harmful effects of concomitant administration of physically incompatible drugs can 

have adverse consequences including, catheter lumen occlusion, thromboembolism, 
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impaired microcirculation and immune response modulation [69, 72, 73]. Chemical 

incompatibility and subsequent changes in drug concentrations can give rise to 

suboptimal therapeutic outcomes due to reduced drug levels, and there is a potential 

risk of toxicity [42, 74].  

Benlabed et al. [69], have reported life-threatening complications of drug 

incompatibilities such as ischaemia, hypoxia, irritation, thrombophlebitis and 

pulmonary embolism. Pulmonary complications mainly result from micro-emboli of 

precipitates blocking pulmonary blood vessels and causing pneumonitis and 

pulmonary arteritis. Diffusion of multiple emboli would give rise to severe arterial 

pulmonary hypertension associated with cardiac arrest. In 2009, Bradley et al. [75] 

reported the death of neonates upon simultaneous administration of ceftriaxone and 

calcium. Autopsy findings revealed crystalline material in vascular beds in lungs.  

Pulmonary complications caused by TPN have been reported in previous studies. The 

high concentration of cations present in TPN results in the degradation of lipid 

emulsion causing aggregation of lipid droplets. High concentrations of calcium, 

phosphate and magnesium has led to the formation of calcium phosphate crystals. 

McNearney et al. [76] and Reedy et al. [77] have reported such TPN associated 

crystalline precipitates resulting in pulmonary vascular occlusion.   

Studies in paediatric intensive care setting have demonstrated that particles generated 

by incompatibilities can activate the immune system, causing systemic inflammatory 

response syndrome, which is a major cause of organ failure and death [78-80].  
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1.2.3 IV drug compatibility in neonates – What is already known? 

A narrative literature review was undertaken to evaluate the current knowledge and 

findings regarding IV compatibility of drugs/solutions used in neonatal intensive care 

settings. This was carried out using 73 selected original research studies which 

intended to evaluate compatibility of IV drugs used in neonatal settings. The selected 

articles were analysed based on types/classes of drugs/solutions evaluated, their aims 

(physical/chemical compatibility studies), methods used evaluate physicochemical 

compatibility and key findings pertaining to compatibility. 

1.2.3.1 Types of drugs/ admixtures investigated for stability and compatibility  

Among the 73 studies selected, 37 studies involved mixing of commonly used NICU 

drugs with other drugs or admixture solutions, of which 4 studies have compared the 

drug stability in different diluents used in the neonatal setting; for example, sodium 

chloride 0.9%/ normal saline (NS), glucose 5% (D5W), glucose 10% (D10W), and 

Plasma-Lyte 148. The rest of the 36 studies involved PN solutions (lipid free or 3-in-

1) and investigated their compatibility or stability of ingredient contents. As PN 

solutions are complex in composition, and critically ill neonates are often treated with 

IV drugs and PN solutions in combinations, their compatibility should be an important 

consideration. Co-infusing certain drugs with PN admixtures poses many advantages 

in the neonatal clinical setting such as maintaining the consistency of planned daily 

nutrition intake, decreasing the non-PN fluid intake and decreasing nursing time for 

IV line manipulation [81]. Furthermore, PN mixtures can serve as vehicles for drug 

administration [82]. Safe co-administration of IV drugs also avoids the necessity of a 

second IV administration site in neonates. In addition, plasma drug levels can be kept 
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constant, and there is no need for repeated injections of the drug, which may cause 

fluctuations in serum drug concentrations with potential adverse effects [83].  

1.2.3.2 Physical and chemical compatibility testing  

Only 15 out of the 37 studies which involve compatibility testing of drugs/ PN 

solutions and diluents investigated both physical and chemical aspects of 

compatibility. Fifteen investigated the physical compatibility aspect only. One study 

investigated the chemical compatibility aspect only. Five studies determined the 

changes in antibiotic concentrations using microbiological assays, amongst which, 

four included physical compatibility testing aspect as well. One study included 

physical compatibility testing and an immune assay to determine the drug 

concentration.  

Of the 36 studies which investigated compatibility between PN components, only 13 

studies investigated both chemical and physical compatibility aspects. Twenty-two 

studies investigated only the physical compatibility between PN components. One 

study investigated the chemical compatibility aspect only (Table 1.1). 

Table 1.1 Physical and chemical compatibility testing by selected studies 

 Studies investigating 

compatibility of drugs with 

other drugs and solutions  

(n=37) 

Studies investigating 

compatibility of ingredient 

components of PN solutions  

(n=36) 

Combined physical and chemical 

compatibility 

15 13 

Physical compatibility only 15 22 

Chemical compatibility only 1 1 

Microbiological assay methods for 

antibiotic concentrations 

1 - 

Physical compatibility and 

microbiological assay 

4 - 

Physical compatibility and 

immunoassay 

1 - 
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Against the above background information, it is evident that combined physical and 

chemical compatibility testing of IV medicines in the context of NICU settings would 

address gaps in the literature.  

1.2.3.3 Methods used to test physical compatibility  

Visual inspection by unaided human eye, for precipitate formation, visual particulate 

matter, turbidity, colour change, haze, evolution of gas has been conducted in studies 

that evaluated physical compatibility. In some studies, visual observation has been 

carried out against a black and white background under normal fluorescent light and 

using a high-intensity monodirectional light (Tyndall beam) for sub visual particle 

analysis [84, 85]. Turbidimetry using a laboratory grade turbidimeter has been utilized 

to quantify turbidity, as a part of physical compatibility testing. Measurement of pH 

has been used both as a physical and chemical stability predictor in different studies. 

According to Newton and Driscoll (2008), a change in pH by more than one unit can 

result in drug precipitation and pH greater than 7.2 could induce the risk of calcium 

phosphate precipitation [86]. Furthermore, it is reported that emulsion destabilization 

is highly likely to occur at pH values less than 5.5 [87]. Sub visual particle counting 

techniques have also been carried out using light obscuration techniques [53, 88].  

Studies which investigated the compatibility of drugs with lipid containing-PN 

solutions, have evaluated the emulsions’ physical stability by visual inspection for 

discolouration, creaming, phase separation, precipitates and analysis of lipid droplet 

size. Techniques such as light microscopy [89], dynamic light scattering [88, 90], 

coulter counter technique [91], light obscuration [53, 92] and laser diffraction [93] 

have been used for lipid droplet size analysis. Zeta potential measurement [90] and 
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calculation of Poly dispersity Index (PDI) [88] have also been used for lipid stability 

evaluation. 

The different methods used by authors to evaluate physical compatibility of IV drugs 

with other drugs, solutions and admixtures (including PN solutions) are listed in Table 

1.2. Methods employed to evaluate physical stability of lipid emulsions in lipid 

containing PN solutions are listed in Table 1.3.  

 



18 

 

Table 1.2 Methods used to evaluate physical compatibility of IV drugs with other drug solutions and admixtures 

Method Studies involved Acceptance criteria for compatibility/ Points considered 

Visual inspection by unaided human eye for 

precipitate formation, visual particulate matter, 

turbidity, colour change, haze, evolution of gas 

 [53, 81, 84, 85, 
89, 90, 93-114] 

• Incompatibility – Precipitates, particles, turbidity, colour changes, haze, 

evolution of gas 

Gross temperature changes  [99] • Incompatibility – Gross temperature changes  

Subvisual particle analysis using a Tyndall beam (a 

high-intensity monodirectional light) 
 [53, 84, 85, 88, 
90, 93, 113] 

• Incompatibility – Visible signs of precipitation or Tyndall effect  

Turbidimetry using a laboratory turbidimeter 

 

 

 [53, 84, 88, 93, 
94, 101, 102, 
104] 

 

 

• Incompatibility – a turbidity change by 0.5 nephelometric turbidity units 

(NTU) compared to controls [84, 94, 101, 102]   
• Compatibility – no any increase in turbidity [104]  
• Upper limits are 0.2-0.3 Formazine Nephelometry Units (FNU) [53, 88, 

93] 

Measurement of pH using pH meter/ reagent strips  [53, 84, 88-91, 
93, 94, 98, 102, 
103, 108, 114, 
115] 

• Incompatibility – a pH change by > 0.5 units from the initial pH is 

incompatible [94]  
• A change in pH by one pH unit or more indicate the presence of chemical 

reactions hence physically unstable [84, 88, 102]  
• A change in pH by more than 1.0 pH unit could induce the risk of 

precipitation and pH more than 7.2 could induce the risk of calcium 

phosphate precipitation [88] 
• Safe pH for peripheral infusion is any between 5.0 and 9.0 [103] 
• pH <5.5 – Increased risk of emulsion destabilization [53, 88, 93]  
• Absolute variation of pH more than 15% was considered significant [91] 

Sub visual particle counting using light obscuration  [53, 88, 93] • particles ≥0.5µm/ml should be below 2000; larger particles –within 

pharmacopoeial limits for large volume parenterals: no more than 25 

particles/ml for particles ≥10µm and no more than 3 particles/ml for 

particles ≥25µm  
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Method Studies involved Acceptance criteria for compatibility/ Points considered 

Zeta potential  [88, 90] Minimal changes in zeta potential suggest electrical stability  

PDI  [88, 90] PDI on average 0.125 indicates monodispersity [90]; PDI below 0.2 – regarded as monodisperse 

samples [88]  
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1.2.3.4 Methods used to test chemical compatibility 

Chemical compatibility testing of drug and other admixture combinations include 

determination of drug concentration changes with time, under the experimental 

conditions. The most common method used for chemical compatibility testing is high 

performance liquid chromatography (HPLC) with UV detection [81, 90, 91, 94-96, 98, 

103, 105, 106, 109, 112, 114]. However, liquid chromatography coupled with mass 

spectroscopy (LC-MS) and other analytical techniques have been used to determine 

drug concentrations for IV compatibility studies [89, 108, 116]. Of the 16 studies 

which evaluated chemical compatibility, a majority (n=13, 81%) utilized HPLC to 

determine drug concentrations. 

Two studies which included chemical compatibility testing, have determined the 

concentrations of different ingredients in PN solutions involved, in addition to the drug 

concentrations [91, 112]. Gellis et al. [91] evaluated the concentrations of the main 

nutrients by colorimetry. Calcium, chloride, glucose, iron, magnesium, potassium, and 

sodium were assayed with a biochemical analyser. Total nitrogen was quantified using 

an automatic analyser. A nutrient concentration change of more than 15% was 

considered significant. In the work of Tounian et al. [112], concentrations of calcium, 

chlorine, copper, glucose, iron, magnesium, potassium, phosphorus, sodium, and zinc 

were measured using an automated analyser. A high-performance amino acids analyser 

was used to measure the concentrations of different amino acids studied.  

1.2.3.5 Compatibility/stability of ingredient components of PN solutions 

PN admixtures designed for neonatal and paediatric patients are very complex in 

nature. Due to IV fluid restrictions in neonates (as discussed in section 1.1.2.1.), PN 

components are contained in a very small fluid volume making them highly 
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concentrated solutions. Low IV fluid rate in neonates allows longer contact times for 

the PN components, increasing the possibility of incompatibility. Precipitation of 

calcium phosphate is known to be a major physical incompatibility in PN particularly 

for premature infants who require high electrolyte concentrations in a small volume of 

fluid. The insoluble precipitates can give rise to serious clinical consequences such as 

cannula occlusion and pulmonary embolism [117]. 

Precipitation of calcium phosphate is an endothermic reaction and the use of incubators 

for neonates increase the possibility of precipitation. The temperature increase will 

have two effects. First, organic calcium will dissociate to release free calcium ions to 

react with phosphate. Second, the high temperature may also shift the phosphate 

equilibrium from a monobasic salt to a dibasic salt [118]. Using organic phosphorus in 

neonatal PN, has partially addressed the problem of calcium precipitation [119, 120].  

In lipid containing PN admixtures, the Injectable Lipid Emulsion (ILE) is the most 

sensitive component. The repulsion of negatively charged particles which reduces the 

aggregation and coalescence of oil droplets, maintains the stability of the emulsion. 

However, other additives of the admixture (e.g., electrolytes, glucose and amino acids) 

can alter the surface charge and decrease the physical stability of ILEs. As PNs 

containing ILEs are concentrated and may be unstable, 2-in-1 PN solutions and ILEs 

are normally administered separately via a Y-site in NICU settings [121].  

Fat droplet diameter is the main indicator of emulsion stability. The droplet size limits 

for commercial IV nutritional lipids established by the United States Pharmacopoeia 

(USP): the mean droplet diameter (MDD) cannot exceed 500 nm, and the percentage 

of large fat globules (>5 μm) (PFAT5) cannot exceed 0.05% [122]. Protection from 
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droplets >5 μm is important as these can accumulate in capillary beds in lungs causing 

life threatening pulmonary embolism [123, 124].  

Amongst the 36 studies which evaluated the compatibility of component ingredients 

of neonatal PN solutions, only 13 have assessed both physical and chemical aspects of 

compatibility. Twenty-two studies have only assessed physical compatibility and one 

study had assessed chemical compatibility only. Visual observation for macroscopic 

evidence of precipitation, colour change, particulate matter, emulsion instability (i.e., 

creaming, phase separation, coalescence) has been the mainstay of physical 

compatibility evaluation in all studies. Other methods used for physical compatibility 

testing are detailed in Table 1.4. Methods used to determine the concentrations of 

different constituents of PN solutions such as vitamins, amino acids, glucose are listed 

in Table 1.5. 
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Table 1.4 Methods employed (other than visual evaluation) to evaluate physical 

compatibility of ingredient components in PN solutions 

Method Studies involved 

Turbidity measurement  [125-128] 
Microscopic observation of the solution for 

particles or the filter disks for microcrystals  
 [120, 124, 125, 129-140] 

Physical characterization of the precipitate in 

the filter by gross appearance 
 [134] 

Infrared spectroscopy of the precipitate in the 

filter 
 [134] 

Differential interference contrast microscopy  [141] 
Laser diffraction  [16, 136, 137, 142-145] 

Optical particle counter  [146] 
Osmolality measurement  [57, 120, 126, 128, 136, 138, 146] 

Coulter counter for lipid droplet size analysis  [126, 147, 148] 

Lipid droplet size analysis using dynamic light 

scattering (DLS)/ Photon correlation 

spectroscopy method (PCS) 

 [16, 57, 128, 130, 137-140, 142, 147, 
149, 150] 

Integrated light scattering  [151] 
Micro flow imaging methods  [130] 
Light obscuration/ light extinction methods  [57, 124, 130, 131, 134, 138, 149, 152, 

153] 
Zeta potential measurement  [137-140, 143] 
Light scattering by a UV-Vis spectrophotometer  [132] 
Viscosity measurement  [154] 
Surface tension measurement using a 

tensionometer 
 [140] 
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Table 1.5 Methods used to determine the concentrations of different constituents 

of PN solutions 

Method Ingredient component/s analysed and the 

corresponding study 

HPLC • Amino acids [57, 146, 149] 
• Vitamins [16, 57, 148, 151, 155] 

Spectrophotometry • Glucose [57, 149] 
• Phosphate [57] 
• Peroxide [16, 57, 120, 151] 
• Non-Esterified Fatty Acids [149] 
• L-Cysteine [149] 

Titrimetry • Peroxide [138, 149] 
• Vitamin C [155] 

Ion specific electrodes • Potassium, sodium, phosphate [57] 
• Calcium [57, 143] 

Inductively coupled plasma–mass 

spectrometry (ICP-MS) 
• Iron [133] 

Atomic absorption spectrometry • Sodium and potassium [146] 
• Calcium [127, 135, 146] 

Colourimetry • Calcium [128] 

UV photometric method • Glucose and phosphorus [146] 

 

1.2.3.6 Simulation of contemporary NICU setting 

Use of humidicribs/ incubators (with typical temperatures of 35-37°C), slow flow rates 

of infusion, clinically relevant neonatal concentrations, contact time of two or more 

drug/solution/admixture during Y-siting are unique features of IV drug therapy in a 

NICU setting. Among the studies which evaluated compatibility of different 

drug/solution combinations, five tested the drug combinations in an incubator 

temperature. Interestingly, Watson et al., have used a 38°C water bath, to simulate the 

temperature of a febrile patient [115].  

All studies except Hammond et al. [103], and Dawson et al. [98], (which tested drug 

compatibility in Plasma-Lyte 148), have used clinically relevant neonatal or paediatric 

drug concentrations and PN solutions. 
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Four studies simulated the neonatal setting of IV Y-site drug administration using 

syringe pumps and IV infusion sets [95, 115, 116, 156]. All others followed static 

mixing of drugs and solutions in vials. In comparison to the simulation of Y-site using 

IV tubing, static mixing is less costly, more feasible, efficient and suitable to test a 

large range of drug combinations.  

Different studies have used a range of time periods as the duration of a drug/solution 

combination being in contact with each other in a Y-site connector. Some authors have 

concluded it to be 1 hour [96, 99, 109], and some as long as four hours [90, 92, 93]. 

Testing for longer durations (i.e. 24 hours to several days), has been utilized by authors 

to conclude storage stability, but the data generated could be useful to predict Y-site 

compatibility of drugs [89, 106].  

1.2.4 Role of chromatography and stability indicating methods in chemical 

analysis 

By definition, a stability indicating method (SIM) is “a validated quantitative 

analytical procedure that can detect the changes with time in the pertinent properties 

of the drug substance and drug product”. A SIM accurately measures the active 

ingredients, without interference from degradation products, potential impurities, and 

excipients [157].   

Chromatographic methods (i.e. HPLC) are widely employed in developing SIMs for a 

variety of analytes including highly polar compounds, heat labile compounds and non-

volatile compounds. Additionally, chromatography normally has advantages over 

other analytical methods as it separates all compounds in a single run with good 

sensitivity, selectivity, accuracy, precision, and robustness [158]. Structure elucidation 

of degradation products and impurities are often supported by combined techniques 
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such as LC-MS and liquid chromatography and nuclear magnetic resonance (LC-

NMR) [159].  

Reverse phase HPLC coupled with a UV detector is a widely used analytical method 

for separation and quantifying impurities [160]. According to the review of Blessy et 

al., [157] there is a series of steps involved in development of SIM on HPLC which 

meets the regulatory requirements. These steps include sample generation, method 

development and optimization and validation of the developed SIM.  

1.2.4.1 Sample generation using forced degradation 

To generate the samples for SIMs, the drug is degraded using forced degradation 

conditions (conditions more severe than accelerated degradation conditions). These 

conditions include hydrolytic, oxidative, photolytic, thermal, and light exposure. As 

the term implies, the aim of ‘forced degradation’ is to force the generation of 

degradation products which are likely to be formed in actual storage or processing 

conditions. This degraded sample could then be used to develop the SIM [157].  

The importance of the use of forced degradation (stress testing) approach in designing 

SIMs to determine drug concentrations and validation of such methods for individual 

drugs has been well reported and reviewed. As per the International Council for 

Harmonisation (ICH) Technical Requirements for Pharmaceuticals for Human Use  

guidelines, stress testing is useful to identify the likely degradation products, determine 

their intrinsic stability, establish degradation pathways and to describe and validate the 

analytical methods used to develop SIM [161]. 
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The review of Blessy et al., [157] provides guidance on the practical performance of 

forced degradation and its application for the development of SIM. The authors have 

identified several objectives of forced degradation studies as follows. 

• Establishing degradation pathways for drug substances 

• Differentiation of drug degradation products from and products generated from 

non-drug products 

• Structure elucidation of degradation products 

• Determination of intrinsic drug stability in a formulation 

• Understanding the degradation mechanism of drug substances  

• Understanding the stability indicating nature of a developed method 

• Understanding the chemical properties of the drug molecule 

• Generation of more stable formulations 

• Constructing degradation profiles 

• Solving stability related problems  

These stress studies should assess the stability of the drug substance at different pH 

solutions, in the presence of oxygen and light and at elevated temperatures and 

humidity levels. Furthermore, scientists are encouraged to ensure the stress conditions 

are consistent with product decomposition under manufacturing, storage and intended 

use conditions of individual drug substances and products [162].  

The limit of drug substance degradation to be achieved by forced degradation has been 

controversial, although a degradation of 10-15% is considered acceptable for 

chromatographic methods [163]. A limit of 10% is regarded as optimal for use in 

analytical method validation for small drug molecules with a label claim of 90% as 

acceptable stability limit [164]. No such limits are established for degradation during 

shelf life for biological products [165]. However, it is not essential to produce a 
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degradation product during forced degradation. Testing can be terminated if no 

degradation is observed during the exposure to standard conditions in the accelerated 

stability protocol [166]. This indicates that the drug molecule is stable. Over-stressing 

a sample may lead to secondary degradation products and under-stressing would not 

generate sufficient degradation products [167]. Protocols for drug-product degradation 

may differ from that of individual substances due to differences in matrices and 

concentrations [168].  

A general protocol for degradation of drugs and drug products suggested by Ngwa 

(2010) [162] is given in Figure 1.3. 

 

 

Figure 1.3 An illustration of a general protocol for forced degradation of drug 

substances and drug products; adopted from Ngwa (2010) 

Despite the importance of forced degradation in drug development, regulatory 

guidelines do not clearly specify the conditions of pH, temperature, and oxidizing 

agents to be used in forced degradation studies [158, 162], however, a minimal list of 

factors suggested include, acid and base hydrolysis, thermal degradation, photolysis, 

oxidation [161]. Comprehensive documents providing guidance to conduct stress 
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testing under a variety of ICH prescribed conditions were lately published by several 

authors [157, 169, 170].  

1.2.4.1.1 Hydrolysis 

In hydrolysis, a chemical compound is decomposed by a reaction with water, and it 

occurs over a wide range of pH. Acid or base hydrolysis catalyses the ionizable 

functional groups in the drug molecule, to permit generation of primary degradants in 

a desirable range [157]. The type and concentration of the acid or base should be based 

on the stability of the drug molecule. For acid hydrolysis, 0.1-1 M hydrochloric acid 

or sulfuric acid, and for base hydrolysis, 0.1-1 M sodium hydroxide or potassium 

hydroxide is suggested [170, 171]. If compounds are poorly soluble in water, co-

solvents could be included to aid dissolution in the acid or base. Stress testing is 

generally started at room temperature, but if there is no degradation taking place the 

temperature can be elevated to 50-70°C. Furthermore, testing should not exceed 7 

days. The acid/base degraded sample is then neutralized using a suitable acid/base to 

avoid further degradation [157].   

Other than higher temperatures, the use of higher concentration acid/alkali and 

exposure to longer durations are also suggested if degradation is not evident in lower 

concentrations and short exposure times [169]. Alternatively, if a complete degradation 

is observed upon the drug exposure to initial condition, acid/alkali strength, reaction 

time and reflux temperature can be reduced [169].  

Degradation under neutral conditions is generally started by refluxing the drug in water 

for 12 hours and reflux time can be increased if no degradation occurs. If the drug 

degrades completely, exposure time and temperature can be reduced [169].  
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1.2.4.1.2 Oxidation conditions 

In oxidative degradation, an electron transfer mechanism operates to form reactive 

anions and cations which results in generation of degradation products [172].  

For degradation by oxidation, hydrogen peroxide is widely used. Other oxidizing 

agents used include metal ions, oxygen, and radical initiators (e.g., 

azobisisobutyronitrile; AIBN). The choice of oxidizing agent depends on the drug 

substance. According to previous reports, exposure to 0.1-3% hydrogen peroxide at 

neutral pH and room temperature for seven days or until 20% degradation could 

generate potential degradation products [171], however, a hydrogen peroxide 

concentration range of 3-30% is also suggested [169].  

1.2.4.1.3 Photolysis 

Photo stability testing of drugs should be evaluated to demonstrate that exposure to 

light does not result in adverse change to the substance of concern.  Stress testing by 

exposure to light (photo stability testing) is carried out to generate primary degradants 

of drugs upon exposure to UV or fluorescent light, ICH guidelines have recommended 

some conditions for photostability testing [166]. 

Ideally, drug samples should be exposed to a minimum of 1.2 million lx h (1.2 million 

lux for 1 hour) and 200 W h/m2 light. A wavelength of light in the range of 300-800 

nm is recommended to cause photolytic degradation [173, 174]. If no decomposition 

observed, the intensity can be increased by five times, where the maximum 

illumination recommended is 6 million lx h. In case of no decomposition takes place, 

even at the highest light intensity, the drug can be declared photostable [169, 175].  
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1.2.4.1.4 Thermal conditions 

Degradation by exposure to elevated temperature (thermal degradation) should be 

carried out at more strenuous conditions than recommended ICH Q1A [161] 

accelerated testing conditions. Dry heat and wet heat can be used for this purpose. 

Solid samples should be exposed to dry and wet heat, while liquid samples should be 

exposed to dry heat. Studies can be conducted at higher temperatures for a shorter 

period [171]. Thermal degradation study is carried out at 40-80°C [157].  

The review of Bakshi and Singh (2002) provides a detailed account of the control 

samples, sampling times and processing of samples in degradation studies [169]. A 

minimum of four samples is recommended for a forced degradation experiment, 

namely, the blank solution stored under normal condition, the blank subjected to stress, 

time zero sample of the drug stored under normal condition and the drug sample 

subjected to stress condition. These samples will provide a comparative assessment of 

the changes that occur upon exposure of the drug to stress conditions. Furthermore, 

withdrawing samples at different time points during the experiment is also 

recommended, as it would provide a clear idea of the number of degradation products 

formed with time [169]. This information is crucial in developing a SIM, particularly 

if the end-goal is to establish the degradation profile of the drug substance of concern.  

Unless otherwise relevant, a drug concentration of 1 mg/mL has been recommended 

to initiate forced degradation experiments as it would enable even minor 

decomposition products in the range of detection. The samples can be stored at low 

temperatures (i.e. freezers) to stop further degradation. Aliquots may require dilution 

or neutralization prior to injecting into HPLC, thus protecting the integrity of the 

columns [169].  
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Some conditions commonly used for forced degradation studies are presented in table 

1.6 (adopted from Ngwa, 2010), however, the decision on adequate stress is based on 

the stability of the drug compound [162].  

Table 1.6 Conditions generally employed in forced degradation studies (Adopted 

from Ngwa 2010) 

Degradation type Experimental conditions Storage conditions Sampling 

time (Days) 

Hydrolysis Control (no acid or base) 40°C, 60°C 1,3,5 

 0.1 M Hydrochloric acid 40°C, 60°C 1,3,5 

 0.1 M Sodium Hydroxide 40°C, 60°C 1,3,5 

 Acid control (no API) 40°C, 60°C 1,3,5 

 Base control (no API) 40°C, 60°C 1,3,5 

 pH: 2,4,6,8 40°C, 60°C 1,3,5 

Oxidation 3% H2O2 25°C, 60°C 1,3,5 

 Peroxide control 25°C, 60°C 1,3,5 

 Azobisisobutyronitrile (AIBN) 40°C, 60°C 1,3,5 

 AIBN control 40°C, 60°C 1,3,5 

Photolytic Light 1 × ICH Not Applicable 1,3,5 

 Light 3 × ICH Not Applicable 1,3,5 

 Light control Not Applicable 1,3,5 

Thermal Heat chamber 60°C 1,3,5 

 Heat chamber 60°C/75% RH 1,3,5 

 Heat chamber 80°C 1,3,5 

 Heat chamber 80°C/75% RH 1,3,5 

 Heat control Room Temperature 1,3,5 
(API – active pharmaceutical ingredient; AIBN – azobisisobutyronitrile; RH – relative humidity) 

 

1.2.4.2 Method development and optimization 

Prior to HPLC method development, the physicochemical parameters of the drug 

molecules of interest should be considered (i.e. pKa value and solubility), as these 

properties have an impact on selection of mobile phase, solvents, and mobile phase pH 

in HPLC methods [169].  The pH-related retention of a compound occurs at pH values 

within ±1.5 units of the pKa value. The ionization value is also crucial in selecting the 

pH of the buffers to be used in the mobile phase [176].  
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A reverse phase column is commonly used for HPLC assays of drug molecules. The 

choice of organic phase (e.g., methanol, acetonitrile, water) may depend on the 

solubility of the drug molecule, and the aqueous phase usually comprises a buffer to 

improve peak separation and peak symmetry [177]. Column temperature in the range 

of 30-40°C is commonly recommended to obtain good method reproducibility [176]. 

It is preferred to have the drug peak further in chromatogram as it permits all 

degradation products to be separated [169].   

If degradant peaks and the drug peak are co-eluted, a peak purity analysis is required 

to determine the specificity of the method, which can be performed by photo diode 

array detection, if available [178]. The method is then optimized by changing 

parameters such as flow rate, injection volume, mobile phase ratio and column type, 

in order to separate closely eluting peaks [157].  

1.2.4.3 Method validation 

The developed SIM should then be validated using accepted guidelines. Method 

validation is extensively covered by several international guidelines such as the ICH 

[179], the United States Food and Drug Administration (USFDA) [180, 181], The 

United States Pharmacopoeia (USP) [182], the American Association of Official 

Analytical Chemists (AOAC) [183], and the European Medicines Agency (EMA) 

[184]. Furthermore, informative reviews provide detailed insights to validation of 

analytical methods of interest [185-187].  

Important validation characteristics in analytical methods employed in pharmaceutical 

analysis include selectivity (specificity), linearity, accuracy, precision and robustness 

[179], which are described below.  
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1.2.4.3.1 Selectivity or specificity 

Selectivity or specificity is the ability to detect the analyte in the presence of other 

components (e.g. degradants). Results of forced degradation experiments with acidic, 

alkali and oxidative stress conditions (described above) can be used to demonstrate the 

selectivity of the method for the specific drug molecule in the presence of degradants 

[179].  

1.2.4.3.2 Linearity, limit of detection and lower limit of quantification 

Linearity is the ability to obtain test results which are directly proportional to the 

concentration of analyte in the sample. To assess linearity, a series of dilutions is 

prepared to construct a calibration curve (with a recommended minimum of five 

calibration standard concentration levels). Calibration curve parameters should be 

reported, and regression analysis is performed to find out the correlation coefficient 

(r2) [179].  

The calibration curve parameters will also inform the determination of the limit of 

detection (LOD) and lower limit of quantification (LLOQ) of the analytical procedure. 

The LOD is the lowest amount of analyte in a sample which can be detected but not 

necessarily quantitated as an exact value. The LLOQ is the lowest amount of analyte 

in a sample which can be quantitatively determined with suitable precision and 

accuracy. Several approaches for determining the LOD are described in ICH guidelines 

[179], depending on whether the method is a non-instrumental or instrumental.  

Visual evaluation may be used for determining LOD for both non-instrumental and 

instrumental methods. The LOD is determined by the analysis of samples with known 

concentrations of analyte and by establishing the minimum concentration of analyte 

that can be reliably detected. 
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Determination of LOD based on Signal-to-Noise can only be applied to analytical 

procedures which exhibit baseline noise. Signals from samples with known low 

concentrations of analyte are compared with those of blank samples and the minimum 

concentration at which the analyte can be reliably detected is established. A signal-to-

noise ratio between 3 or 2:1 is considered acceptable for estimating the LOD.  

The next approach is based on the standard deviation of the response and the slope in 

the calibration curve. The equation 1.1 (below) is used to estimate LOD, where σ is 

the standard deviation of the response and S is the slope of the calibration curve. 

Equation 1.1;  LOD =   (3.3 × σ)/S 

The estimate for σ can be obtained by the residual standard deviation of a regression 

line or the standard deviation of y-intercepts of regression lines of the calibration 

curve.  

Similarly, the LLOQ can be estimated based on visual evaluation, the signal-to-noise 

approach or using the calibration curve. For calculating LLOQ, a typical signal-to-

noise ratio is 10:1. The equation 1.2 (below) is used to estimate LLOQ.  

Equation 1.2;  LLOQ =   (10 × σ)/S 

1.2.4.3.3 Accuracy 

Accuracy is the closeness of agreement between the determined value obtained by the 

method to the nominal concentration (expected concentration) of the analyte. 

Accuracy should be assessed on quality control samples (QC samples; samples spiked 

with known amounts of the analyte). The QC samples should be spiked independently 

from the calibration standards, using separate stock solutions. The accuracy should be 

reported as a percentage of the nominal value. Accuracy should be evaluated for the 

values of the QC samples obtained within a single run (the within run accuracy) and 

in different runs (the between-run accuracy). Within-run accuracy should be 
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determined by analysing a minimum of five samples per concentration level at a 

minimum of four concentration levels. The mean concentration should be within 15% 

of the nominal value for the QC samples. For LLOQ, accuracy should be within 20% 

of the nominal value. For between-run accuracy, LLOQ, low, medium and high QC 

samples from at least three runs analysed on at least two different days should be 

evaluated. The mean concentration should be within 15% of the nominal values for the 

QC samples, except for the LLOQ which should be within 20% of the nominal value 

[184].  

1.2.4.3.4 Precision 

Precision is the “closeness of agreement between a series of measurements obtained 

from multiple sampling of the same homogeneous sample”. Three levels of precision 

are considered: repeatability, intermediate precision and reproducibility. The precision 

of an analytical procedure is usually expressed as the coefficient of variation (CV) or 

percentage relative standard deviation (%RSD) of a series of measurements [179]. 

Repeatability (intra-assay/ within run precision) is the precision under the same 

operating conditions over a short interval of time. Intermediate (inter-assay) precision 

is within-laboratory variation over different days.   

According to the EMA guidelines, precision should be demonstrated for the LLOQ, 

low, medium and high QC samples, within a single run and between different runs 

(same runs and data accuracy testing can be used). For within-run precision, there 

should be a minimum of five samples per concentration level at LLOQ, low, medium 

and high QC samples in a single run. The within-run and between-run precision, CV 

value should not exceed 15% for the QC samples, and for LLOQ the CV should not 

exceed 20%. For the validation of the between-run precision, LLOQ, low, medium and 

high QC samples from at least three runs analysed on at least two different days should 
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be evaluated [184]. Reproducibility is assessed by means of an inter-laboratory trial 

and its considered in case of standardisation of an analytical procedure [179]. 

1.2.4.3.5 Robustness  

Robustness is a measure of the method’s capacity to remain unaffected by small, but 

deliberate variations in method parameters and provides an indication of its reliability 

during normal usage. In the case of liquid chromatography, examples of typical 

variations are composition and pH of the mobile phase, different columns (different 

lots and/or suppliers), temperature and flow rate. In the case of gas-chromatography, 

examples of typical variations are different columns (different lots and/or suppliers), 

temperature, flow rate [179]. 
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1.3 Aims of the thesis 

Given the scarcity of information of physicochemical drug compatibility, the overall 

objective of the thesis was to further investigate the physicochemical compatibility of 

commonly used NICU drugs, using standard methods. The specific objectives 

included: 

1. To explore the current knowledge and findings regarding 

physicochemical compatibility of common IV drugs used in NICUs, using 

a systematic review process. 

A pharmaceutical science systematic review process using a semi-automated 

machine learning tool was developed and validated (Chapter 2; Paper 1). 

Studies for the systematic review were selected using the validated method, the 

types of compatibility tested in the studies (physical /chemical), the drugs/ drug 

classes/ admixtures/ solutions which are tested for compatibility, the  

conditions used to simulate contemporary neonatal setting, the different 

techniques/methods used to test the chemical and physical compatibility were 

investigated. Further, physical and chemical compatibility data reported for 

NICU medicines were quantified, and quality of the studies which provide 

these data were evaluated.  

2. To investigate the physicochemical compatibility of sildenafil injection 

with parenteral medications used in neonatal intensive care settings 

Physicochemical compatibility of sildenafil with a range of NICU drugs was 

investigated, clinically relevant concentrations, and with a selection of 2-in-1 

PN solutions. Sildenafil compatibility with commonly used syringe filters also 

was investigated. A stability-indicating HPLC method was developed and 

validated for determination of sildenafil concentrations (Chapter 3; Paper 2).  
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3. To investigate the physicochemical compatibility of caffeine citrate and 

caffeine base injection with parenteral medications used in neonatal 

intensive care settings 

Physicochemical compatibility of caffeine citrate and caffeine base injection 

with a range of NICU drugs was investigated, at clinically relevant 

concentrations, and with a selection of 2-in-1 PN solutions. Caffeine 

compatibility with commonly used syringe filters also was investigated. 

(Chapter 4; Paper 3) 
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Chapter 2  

Systematic review of physicochemical compatibility of 

intravenous drugs: application to neonatal intensive care 

setting 

As physicochemical drug incompatibilities can give rise to adverse clinical outcomes 

in neonates, it is essential that healthcare professionals have access to compatibility 

information prior to co-administration of drugs. Several research designs have 

attempted collating compatibility information and data availability, to assist clinical 

decisions. These designs include prospective [31, 34] and retrospective [24, 35] 

observational studies in paediatric/neonatal intensive care unit settings (PICU and 

NICU), and critical reviews of current literature [25]. Furthermore, although not 

specifically pertaining to the paediatric or neonatal setting, two systematic reviews 

have also evaluated the published compatibility information of ICU drugs [32, 188]. A 

common theme across these studies was established, a paucity of available 

compatibility data for commonly used drugs in ICU settings.  

Gikic and colleagues [34] performed an open, prospective study in a PICU setting, and 

reported that 10.3% of drug combinations co-administered during the study period had 

no available compatibility data. Likewise,  in the prospective NICU cohort study 

conducted by Leopoldino and colleagues [31], a total of 1114 potential drug 

incompatibilities were identified, of which 31.2% had no compatibility information.  

In a retrospective observational study conducted by Hani and colleagues [35], 

concurrent PICU drug administration data for 100 patients was analysed over a period 

of two months. Among the 1447 co-administered continuous infusions, 207 

combinations (15%) had no drug compatibility data available. Furthermore, Gaetani 

and colleagues [24] retrospectively evaluated concurrent IV drug administration in 



42 

 

children admitted to a single centre, and it was concluded that 21% of concurrent 

infusions had ‘unknown’ compatibility, adding complexity to routine bedside 

management.   

Critical and systematic reviews of this subject area have rendered similar findings. 

Kalikstad and colleagues [25] conducted a critical review which sought to investigate 

the compatibility of co-infusions for a selected group of NICU drugs and nutrition 

solutions. To evaluate requirements for compatibility, thirteen critical care drugs 

commonly used in NICU were reviewed against a list of 66 frequently used IV co-

infusion drugs, two PN solutions and albumin. A total of 1042 co-infusions were 

studied: 820 drug-drug, 131 drug-nutrition, and 65 drug-albumin combinations. 

Interestingly, there was no previous documentation on compatibility for almost 60% 

of the evaluated drug-drug co-infusions. The review further highlighted that whilst 

information on the chemical compatibility of drug infusions is vital, it was rarely 

analysed in the reports included within the review. A limitation of this review was that 

they only considered drug co-infusions that were relevant to their specific NICU 

setting. Hence, the list of drug combinations was not exhaustive and they did not 

review studies reporting data for a number of commonly used drug combinations in 

alternative NICU settings, specifically those including calcium and other divalent 

anions.  

A systematic review conducted by Kanji et al. [32] sought to quantify the physical and 

chemical stability data for common ICU medications, and to evaluate the quality of 

the selected studies. Research reports of chemical or physical compatibility, involving 

820 possible two-drug combinations, were sought from three scientific databases 

(1966 to 2009), yielding 1945 citations of which 93 studies were included within the 

systematic review. Of the selected studies, 92% (n=86) evaluated physical whilst 38% 
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(n=35) evaluated chemical compatibility. Furthermore, it was identified that only 54% 

(n=441) of the possible 820 drug-drug combinations had physical and/or chemical 

compatibility data available, whilst of concern, chemical compatibility data only 

existed for 9% (n=75) of the evaluated drug combinations.   Similarly, the systematic 

review conducted by Lao et al. [188], collated compatibility data of 42 commonly used 

ICU drugs and 2 PN solutions reported in 29 studies. Of the 27 original studies 

included in the review, 21 (78%) reported the physical compatibility and 6 (22%) 

reported combined physicochemical compatibility. Furthermore, drug stability data 

was only available for 50.3% of the studied combinations.  

Against this background information, the aim of the present systematic review was to 

collate the current evidence on IV drug compatibility as applicable to Y-site 

administration in NICU settings. To the best of our knowledge, no systematic reviews 

have been conducted to evaluate peer-reviewed physicochemical compatibility studies 

in this context.  

The following chapter will be presented in two distinct sections. Chapter 2; section 

2.1. reports the process of establishing and testing a robust literature search strategy in 

accordance with the SPIDER (Sample, Phenomenon of Interest, Design, Evaluation, 

Research type) model and the use of a semi-automated, machine learning, abstract 

screening tool Research Screener in the reference selection process for a systematic 

review in pharmaceutical sciences. Chapter 2; Section 2.2. describes the process of 

data extraction, presentation and synthesis of physicochemical compatibility data from 

the selected studies of the systematic review, and the quality assessment procedure of 

the selected studies.  
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2.1 Development and validation of a pharmaceutical science 

systematic review process using a semi-automated machine 

learning tool. 

2.1.1 Background 

The number of studies published in medical and health journals has increased 

strikingly over the past few decades, making clinical decision making extremely 

complex. Well-conducted systematic reviews and meta-analyses are considered the 

highest level evidence for informed decisions in clinical practice, however, the 

methodological rigour required is associated with significant time and economic 

demands [189].  

The process for constructing a research question and search strategy for systematic 

reviews is typically defined by established models, including PICO (Population, 

Intervention, Comparison, Outcomes) [190], SPIDER (Sample, Phenomenon of 

Interest, Design, Evaluation, Research type) [191], SPICE (Setting, Population, 

Intervention, Comparison, and Evaluation) search strategy [192] and ECLIPSE 

(Expectation, Client group, Location, Impact, Professionals, ServicE) [193].  

a) PICO is the most common fundamental tool in both evidence-based 

practice and systematic reviews, enabling researchers to define their 

quantitative research question and search terms. Furthermore, it is the 

best method of question formulation to use when conducting a 

quantitative systematic literature review. However, the PICO tool is not 

an optimal working strategy for qualitative evidence synthesis [191]. 

b) SPICE was developed in the context of evidence-based librarianship 

and subsequently promoted for qualitative systematic reviews [192].  
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c) SPIDER is reported to be more suited for qualitative and mixed-

methods research [191].  

d) ECLIPSE was introduced to handle health management topics [193]. 

In conducting systematic reviews, screening of titles and abstracts is considered to be 

the most time and labour-intensive component of the review process [194]. Hence, 

there is a growing interest for automated solutions to facilitate systematic reviews 

[195]. The introduction of new technologies, such as machine learning tools, for 

streamlining the screening process has provided promising results by substantially 

reducing the time for initial screening. Machine learning-based screening tools, 

including Rayyan [196], Abstrackr [197], RobotAnalyst [198], and ASReview [199], 

offers approaches to overcome the manual and time-consuming process of screening 

large numbers of studies by prioritising relevant studies through a process of active 

learning. Increasing evidence supports the use of these semi-automated tools in 

increasing the feasibility of conducting robust systematic reviews [194]. Nevertheless, 

due to the fast-paced evolution of machine learning, new methods and techniques may 

highlight previously unidentified limitations in early versions of the technology.  

For example, the use of traditional machine learning (using manual coding 

instructions) and natural language programming methods (use of syntactic parsing) is 

one such limitation. However, more recent techniques, that teaches algorithms to learn 

from data and make its own predications, have proven to outperform these traditional 

methods and improve overall performance [194].  Another limitation has been the need 

to screen numerous articles to initially ‘train’ the program model. As this is a laborious 

process, completing this ‘training’ phase may significantly reduce the intended time 

savings, thus the use of machine learning becomes less desirable when conducting 

small targeted systematic reviews [200]. Furthermore, as the estimated reliability of 
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existing tools varies largely, there is a need to develop reliable thresholds for when 

reviewers can stop screening [201].  

A further limitation of some machine-learning tools is the requirement of a computer 

or a dedicated server to install the screening tool [199]. This can present a barrier for 

adoption by non-expert users, such as students. However, though not machine-learning 

assisted, the use of programs such as Covidence reduces this barrier providing easy 

entry for inexperienced users [194]. Covidence is a cloud-hosted and web-based 

software whose functionality mirrors the multiphase review process; including data 

extraction, project management, and conflict resolution during the abstract revision 

phase. This provides significant benefit over existing semi-automated tools, which 

primarily focus on abstract screening thus limiting their widespread adoption [202]. 

Furthermore, newer technologies have enabled the abstract screening tools to be 

designed with more visually appealing and user-friendly interfaces, that can adapt to 

multiple platforms including both desktop computers and mobile devices. This has 

advantages over older generation screening tools, that were developed only for single 

specific platforms such as Microsoft Windows [194].  

2.1.1.1 Research Screener  

Research Screener is a semiautomated abstract screening tool designed to assist 

researchers through the process of selecting relevant articles for inclusion in systematic 

reviews (Figure 2.1). The tool has been designed to address several limitations  

of previously existing tools, as highlighted above. Research Screener 

(https://researchscreener.com) is a cloud-hosted web application and algorithm that 

uses deep learning and natural language processing (ability of computers to analyse 
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human language) methods. Key features of Research Screener that increase its utility 

as a systematic review tool include: 

• Automated removal of duplicate articles 

• Ability for multiple reviewers to collaborate in the systematic review process 

• Conflict resolution for disagreements between multiple reviewers  

• Ability to export de-duplication and screening results 

• Desktop, mobile and tablet friendly user interface 

 

 

Figure 2.1 Research Screener assisted screening process − adapted from Chai et al. 

(2021) 

The semiautomated screening process of Research Screener is outlined in Figure 2.1. 

Briefly, to initiate the screening process the researcher must upload two separate files 

to Research Screener, from their reference management software, to initiate the 

process:  

1. All potentially eligible articles retrieved from the systematic review search 

strategy.  

2. At least one seed article abstract that the researcher has identified as highly 

relevant for inclusion in the review.  
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Using the abstract/s of the seed article(s), the Research Screener algorithm ranks all 

identified eligible articles (uploaded in file 1) by relevance and presents the articles in 

groups of 50 (a cycle) to the review team for consideration of eligibility. Independently, 

each member of the review team screens each of the 50 abstracts presented in that 

cycle, and flags those which they deem relevant: according to predetermined inclusion 

criteria for the systematic review. The titles of the selected articles are retained for full 

article screening and, in conjunction with the irrelevant (discarded) articles, are used 

to refine the Research Screener algorithm. Using machine learning, Research Screener 

will then re-rank the remaining articles into the next cycle of abstracts (n=50) that are 

most relevant to those papers selected for review in cycle 1. This process will continue 

in cycles of 50 articles until either all selected articles (uploaded in file 1) are reviewed, 

or the team decides that they have screened an appropriate number of cycles that 

ensures (to a level of confidence) that all relevant articles have been identified (e.g., 

several cycles with no article selected as relevant). To note, each reviewer will be 

presented with abstracts in a varying order, determined by their own individual 

selection preferences (based on articles they have included, and excluded, in previous 

cycles).  Upon completion of the screening process, the principal reviewer can access 

the combined results (all reviewer decisions) and identify any abstracts that would be 

considered conflicts (i.e., selection disagreements between the individual reviewers). 

The conflicts are resolved in Research Screener, by an open process of consideration 

by the reviewers and/or an independent third reviewer [194]. The final selected articles 

(flagged by both reviewers and the resolved conflicts) are then exported for full-text 

review. 

Chapter 2; section 2.1.2 reports the process of establishing and testing a robust 

literature search strategy in accordance with the SPIDER model and the use of 
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Research Screener in the reference selection process for a systematic review in 

pharmaceutical sciences. 

2.1.2 Methods 

2.1.2.1 Development of the research question and search strategy 

The research question, “In-vitro studies conducted to evaluate the physical and 

chemical compatibility of IV drugs used in NICUs,” was defined in consultation with 

members of the research team. The SPIDER model (Sample, Phenomenon of Interest, 

Design, Evaluation, Research type) for systematic reviews was adapted for the 

research question formulation as below. 

Sample – In-vitro experimental studies conducted to evaluate physicochemical 

compatibility of IV drugs in neonatal settings and IV drug compatibility studies 

conducted focusing non-neonatal settings but includes commonly used NICU drugs.  

Phenomenon of Interest – Physical and chemical compatibility of IV drugs. 

Design – Physical compatibility methods (e.g., visual observation; light viewer; 

turbidimeter) and chemical compatibility (HPLC; other). 

Evaluation – Information on physicochemical drug compatibility of IV drugs. 

Research type – Experimental (In-vitro) 

The search strategy (Table 2.1) was structured as three concepts (categories), the first 

of which focused on compatibility, incompatibility, and stability terms. The second 

concept focused on IV, injection, and Y-site terms, and the third comprised a list of 

drugs based on expert panel review of a compilation of neonatal drug protocols from 

seven health-care institutions (four different countries); see Appendix 1. 
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Table 2.1 Search strategy concepts and key words 

 

The systematic review protocol was registered in Open Science Framework 

(https://doi. org/ 10. 17605/ OSF. IO/ XGK6V).  

2.1.2.2 Pilot testing success of search strategy 

As the proposed strategy was ambitious (including 95 drugs), and Research Screener 

had yet to be used for a systematic review within the field of pharmaceutical sciences, 

it was decided that a pilot study should be undertaken to test the success of both the 

proposed search strategy (against a smaller panel of drugs) and sensitivity of Research 

Screener in this context. The pilot study was conducted in a series of phases, as 

outlined below: 

1. Testing of search strategy   

2. Feasibility and reliability of manual screening of abstract titles 

3. Pilot evaluation of Research Screener 

2.1.2.2.1 Testing the search strategy  

To ensure the proposed search strategy would successfully identify relevant content, 

the search concepts were pilot tested in iterative stages using the Embase database and 

Concept 1 Concept 2 Concept 3 

compatib* 

incompatib* 

stability 

instability 

 

intravenous* 

intra-venous* 

iv  

y-site  

y- site 

ysite 

injection* 

infusion* 

parenteral  

injectable*  

mixture*  

NICU drugs  

(6 drugs in pilot study, 95 drugs in full 

review; see Appendix 1) 
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various terms within concepts 1 and 2, and a panel of six drugs (aminophylline, 

indometacin, ketamine, pentoxifylline, caffeine, and sotalol). The six drugs were 

selected on the basis of their potential relevance to the planned systematic review and 

a total known list of 59 articles, which was determined from a standard reference 

source [27] and an independent manual literature search. The Embase database was 

selected for pilot testing due its high search functionality and content of biomedical 

and pharmaceutical references, including all Medline content [203]. ‘English 

Language’ was the only limiter used. The search strategy generated 1622 results 

(excluding duplicates). The optimum search strategy captured 1622 articles and 

included all known articles of interest. 

2.1.2.2.2 Feasibility and reliability of manual screening of abstract titles 

The first stage of evaluating the screening process was to test the feasibility and 

reliability of title reading only. Two independent reviewers manually screened a 

random selection of 400 titles from the set of 1622 references (25% of the articles) and 

the kappa coefficient [204] was calculated to determine the inter-reviewer reliability 

associated with title reading as a screening process for the systematic review. 

2.1.2.2.3 Pilot evaluation of Research Screener. 

As Research Screener had not previously been used in a pharmaceutical sciences 

systematic review, the full set of 1622 articles was then used to pilot test the tool. Three 

seed articles were selected by the research team for uploading into Research Screener, 

and two reviewers conducted the screening process, with the kappa coefficient 

calculated to assess the inter-reviewer reliability. 
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2.1.2.3 Database searching and the Research Screener process of the main 

systematic review 

Based on the favourable pilot study results, which validated the proposed search 

strategy, the full literature search to identify articles for inclusion in the systematic 

review was executed. This included the use of all keywords captured in concept 1, 2 

and all 95 drugs in concept 3 (Table 2.1 and Appendix 1), with the systematic search 

undertaken across five databases; comprising two inter-disciplinary (Proquest and Web 

of Science) and three intra-disciplinary databases (Embase, Medline, and Cinahl). 

Subject headings were generated according to the different databases used (e.g. 

medical subject headings; MeSH headings in Medline database). Full details (key 

search terms, subject headings, limiters, number of hits retrieved) of the search strategy 

are outlined in Appendix 2. The retrieved references were initially deduplicated using 

a validated deduplication tool “Systematic Review Accelerator” (SRA). SRA project 

is based at the Bond University Institute for Evidence-Based Healthcare and was 

originally conceived with the aim of reducing the amount of time it takes to construct 

a systematic review using Information Technology (https://sr-accelerator.com). SRA 

is a suite of purpose-built automation tools, which speed up multiple steps in the 

systematic review process. SRA tools assist with many steps of a systematic review, 

including searching for citations, citation screening and write-up of review findings. 

Amongst the SRA tools, ‘Deduplicator’ identifies and removes duplicate studies from 

search results, decreasing the reference screening workload. The accuracy of SRA for 

utility of systematic reviews has been previously documented [205].  

The deduplicated references were separately exported to Endnote and the final library 

was uploaded into Research Screener. Eight articles were identified as seed abstracts 

for the screening process, which were also uploaded to Research Screener. Following 
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automatic exclusion of articles by Research Screener (conference proceedings, 

duplicates, and articles with no abstracts), the reviewers proceeded with independent 

cyclical screening of the captured articles. The reviewers also manually screened (by 

title) the articles excluded by Research Screener due to lack of abstracts. The kappa 

coefficient was determined to quantify reviewer agreement for each relevant process. 

2.1.3 Results 

2.1.3.1 Manual screening versus semi-automated screening (Research Screener 

– pilot study) 

The pilot search strategy study identified a total of 1622 articles, that were used to test 

each facet of the screening process. For the manual screening pilot study, the kappa 

coefficient determined in the reviewers title screening process of 400 titles (25% of 

identified articles)  was 0.75, suggesting “moderate agreement” [204].  

In the Research Screener pilot study, 98 references (out of 1622) were immediately 

removed due to a lack of abstracts and were exported to the reference manager for later 

manual evaluation. because they did not contain abstracts (e.g., letters, editorials, and 

short communications), because abstracts are essential for the Research Screener 

machine learning cycles). However, the excluded titles were separately exported back 

to the reference manager software for manual screening by the reviewers at a later 

time. The 1524 remaining abstracts were reviewed independently by Reviewer 1 and 

Reviewer 2, with their selection outcomes presented in Table 2.2.   
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Table 2.2 Abstract flagging by reviewers in selection rounds 

 

 

Fifteen conflicts were identified and resolved by the reviewers. Figure 2.2 presents an 

example of a conflict resolution, as undertaken within Research Screener. Each 

reviewer can provide comments regarding the final decision of flagging/ unflagging 

an abstract.  

 

Figure 2.2 Conflict resolution interface in Research Screener with the comments 

pane for each reviewer 

  

Abstract selection round Reviewer 1 Reviewer 2 

1 34 38 

2 23 25 

3 09 12 

4 01 01 

5 0 0 
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The kappa coefficient determined at the end of the Research Screener evaluation was 

0.86, which was indicative of “strong” agreement between the two reviewers [204].  

2.1.3.2 Main review 

A total of 42,814 results were retrieved from the selected databases (Embase – 21,880, 

Medline - 8526, Cinahl - 1262, Proquest - 1843, Web of Science - 9303) and the 

Systematic Review Accelerator deduplication process retained 27,597 references for 

further screening. The flow diagram for the systematic review search, screening, and 

selection process, generated according to the ‘Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) [189] is presented in Figure 2.3. 

Research Screener initially removed 15 long abstract articles (i.e., conference 

proceedings in which the reference manager record contains all conference abstracts 

combined), 451 duplicated titles/abstracts, and 1269 articles with missing 

abstracts/titles, from the full set of 27,597 records (Figure 2.3). The 1269 articles with 

no abstract/title included short reports, editorials, letters, and notes, and were directed 

for manual screening by the reviewers. The remainder (25,862) were subject to 

screening by the two independent reviewers in cycles of 50, as outlined above. A third 

reviewer was assigned to be involved in conflict resolution if required (if the two 

independent reviewers were unable to resolve the conflict at the Research Screener 

conflict resolution stage). To be flagged for full text reading, the title and the abstract 

had to indicate that the article described the physical and/or chemical compatibility of 

at least one two-drug combination involving drugs listed in the predetermined NICU 

drug list (Appendix 1).   
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Figure 2.3 PRISMA* flow diagram for the systematic review search, screening and 

selection process (* PRISMA: Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses) 
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Reviewer 1 completed 52 cycles of screening via Research Screener, which comprised 

10% of the 25,862 references available for screening and concluded after 14 cycles 

with no abstracts selected (Figure 2.4).  

Reviewer 2 completed 35 cycles (6%) of screening and concluded after four cycles 

with no abstracts selected. As a result, 149 articles were flagged by both reviewers. A 

further 67 were selected by only one reviewer and classified as conflicts for resolution 

by the review team, from which 37 were considered potentially eligible and included 

in the full-text review. Including the eight seed abstracts, a total of 194 articles (0.75%) 

were directed for full-text consideration at this stage. The kappa coefficient was 0.80, 

indicating strong agreement. 

The 1269 references without titles/abstracts were screened manually by the two 

reviewers to select potentially eligible reports for full-text read (most included a title 

and were only missing an abstract) and 129 were selected for progression to full-text 

review (kappa coefficient 0.78, indicating moderate agreement). Overall, a total of 323 

articles were subject to full-text reading, of which 117 were found to fully comply with 

the inclusion and exclusion criteria and were included in the formal systematic review. 

Screening of reference lists of the selected articles identified one further study which 

was not captured in the initial search strategy and was therefore included in the final 

total of 118 articles for systematic review.  

To be included in the review, the studies had to be full text, original research of in-

vitro experimental studies pertaining to physicochemical compatibility of IV drugs in 

neonatal setting. Only studies written in the English language and published in peer 

reviewed journals/forums were included. Studies captured during complementary 
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search using individual NICU drugs (although in a different setting) at neonatal 

concentrations were also included to extract compatibility data. 

Conference abstracts, other study designs such as observational studies, non-

experimental studies, other publication types: reviews, letters, editorials, case studies 

(unless original compatibility data are reported), studies with irrelevant objectives or 

outcomes, non-English language, grey literature were excluded. Studies with 

inadequate data (i.e., which precluded effective data extraction) and studies of 

drugs/concentrations not applicable to the neonatal setting were excluded from 

analysis.  

Further insights to the value of Research Screener are shown in Figures 2.4 and 2.5. 

Of the 186 articles which were directed to full-text read (excluding the eight seed 

abstracts), 55 were eventually selected for inclusion in the systematic review. 

Reviewer 1 encountered all 55 articles by the 29th cycle of article flagging (1408 

papers, 5.4%) and reviewer 2 by the 27th cycle (1304 papers; 5%). Similar results were 

observed in an acute pain systematic review, where all of the reviewed articles were 

identified after screening 5% of the search results [194]. 
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Figure 2.4 Number of abstracts flagged by each reviewer for full-text review in the 

Research Screener process. Reviewers 1 and 2 completed 52 and 35 cycles, respectively 

 

The cyclical trends in selection of studies for the systematic review (Figure 2.5) 

demonstrate that Research Screener presented 44% (24/55) of the articles to the 

reviewers in the first four cycles, ostensibly due to the effective use of the eight seed 

abstracts. Thereafter, selection rates varied between the two reviewers and became 

sporadic after 19 cycles. 
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Figure 2.5 Number of papers selected for the review (after full-text read) from each 

screening cycle 

 

In order to estimate the potential time saved by completing the screening process from 

<10% of the full search strategy results, screening time data for each reviewer were 

extracted from Research Screener and analysed. The mean (95% confidence interval; 

range) time to screen each title/abstract in the final 20% of cycles screened by the two 

reviewers was 8.4 (6.8-10.1; 2-131) and 15.2 (12.6-17.9;1-244) seconds, respectively. 

The final 20% of cycles was selected for this analysis because it represented a 

continuous series of cycles in which relatively few papers were potentially eligible, 

thus providing a plausible, conservative estimate of the time to screen subsequent 

cycles, if this had been required. Therefore, based on the >23,250 titles/abstracts that 

did not require screening, the potential time saving was at least 56 and 98 hours for 

each reviewer. 
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2.2 Investigating the physicochemical drug compatibility data 

pertaining to NICU setting 

This section elaborates in detail the extraction, presentation and synthesis of data from 

the selected studies for the main systematic review, and the quality assessment 

procedure of the selected studies.  

2.2.1 Methods 

2.2.1.1 Data Extraction and Presentation 

To ensure consistency in data extraction, a standardized data extraction sheet 

(Appendix 3) was developed, by consensus of the three reviewers, to include study 

methodology components and physicochemical compatibility data of selected studies. 

This included:  

• Type of compatibility studied (physical/chemical) 

• Objective/s of the study 

• Drug(s), concentrations tested, and diluents used 

• Aspects used to simulate contemporary neonatal setting (incubator 

temperature, clinically relevant concentrations) 

• Method of mixing (static mixing in vessels/ simulation of Y-site tubing/ mixing 

ratio) 

• Test conditions (temperature, dwell time, sampling points) 

• Methods to test physical compatibility (visual, viewer, turbidity, pH, particle 

size analysis), including number of observers/assessors 
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• Methods to test chemical compatibility (HPLC, other) 

• Key results/ conclusions on drug compatibility  

To ensure the success of the data extraction sheet, a pilot test was conducted by two 

independent reviewers using five papers retrieved from the pilot testing of the search 

strategy (Section 2.1.2.2). Discrepancies were arbitrated by a third independent 

reviewer. 

2.2.1.2 Quality assessment of selected studies 

Given that no published, validated quality assessment tools were available for in-vitro 

drug compatibility studies, a separate quality assessment instrument was developed 

which comprised of the following elements.  

• A general tool for all included studies  

• A tool for physical compatibility testing  

• A tool for chemical compatibility testing  

If a single study evaluated both physical and chemical compatibility components, all 

quality assessment elements were applied. Criteria for the quality assessment were 

adopted from the model published by Kanji et al. [32] and modified accordingly to 

match the context of the setting of interest (i.e. NICU). The quality assessment 

instrument was reviewed by at least three independent experts. The developed quality 

assessment instrument can be found in Appendix 4.  
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2.2.2 Results 

2.2.2.1 Type of compatibility tested and clinical focus of the selected studies 

Of the selected articles, 72% (n=85) evaluated only the physical compatibility of drug 

combinations of interest. Two studies (2%) evaluated chemical compatibility only and 

26% (n=31) evaluated combined physical and chemical compatibility. There was a 

steady trend of conducting combined physical and chemical compatibility testing with 

time, with the highest number of studies conducted during the period of 2007-2022 

(Figure 2.6).  

 

Figure 2.6 Trend in conducting compatibility studies with time 

 

Of the total selected studies, 23 had a focus on neonatal and paediatric setting, 15 

focused the adult setting and the remainder (n=80) did not have a specific focus 

mentioned.  
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2.2.2.2 Preparation of samples for compatibility testing 

Of the selected studies, 19 included filtration of drug samples prior to mixing and 28 

specified the order of mixing of drugs, further reversing the order of mixing to test the 

differences in compatibility based on the order of mixing.  

A vast majority (n=113) utilised static mixing of the test drugs as the method to 

simulate Y-site mixing conditions. Only 12 studies followed actual Y-site mixing of 

the test drugs. Seven studies followed both static mixing and actual Y-site mixing. 

Glass or plastic tubes, volumetric flasks, syringes and glass slides were used as vessels 

for test drug mixing. Most of the studies which followed static mixing of drug 

combinations, have mixed the binary drug combinations at a 1:1 volume/volume ratio 

(n=98). A limited number of studies used other volume ratios e.g. mixing to achieve a 

final concentration of a given drug, 1:6, 1:3, 1:4, 4:1, 1:9 and 9:1.  

2.2.2.3 Testing temperatures 

Most of the studies (n=100) exposed the test drug combinations to room/ ambient 

temperature, during the testing period. Five studies have exposed the test samples to 

higher and lower temperatures e.g., 37°C [94, 206, 207], 32°C [208], 30°C and 17°C 

[209].  

2.2.2.4 Contact (dwelling) time of test drug combinations 

In the selected studies, mixture contact times ranged from minutes (5 min; [210]) to 

hours (1 to 4) [50, 95, 96, 99, 109, 207, 211-219], and several days [106, 110, 206, 

209, 220-224]. However, the most followed contact times were 4 hours (n=36) and 24 

hours (n=36). Eleven studies have used a contact time of 1 hour for testing. There are 
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no formal guidelines regarding mixture contact times, although some reports have 

related the contact time to relevant clinical settings [84, 94].  

2.2.2.5 Use of control samples and baseline testing 

Approximately 50% (n=58) of the selected studies used negative and/or positive 

control samples, in parallel to the test samples, for physical and chemical compatibility 

testing. A majority (n=98) performed baseline (time zero) testing.  

2.2.2.6 pH testing 

Of the selected studies in the review, 49 tested the pH of drug combinations. pH testing 

has been used inconsistently, in the selected studies, both as a physical [102, 225-228] 

and chemical [229, 230] compatibility determinant. Multiple studies have identified 

varying thresholds to determine physicochemical compatibility e.g. incompatibility 

was defined as a change in mean pH by >0.5 units from the initial pH [94, 231] , ≥2 

pH units after mixing [230], ≥1 pH unit change over the course of the experiment [84, 

102, 227, 232], pH variation of more than 0.4 pH units [226] a change of >0.1 pH unit, 

compared with the baseline  reading [233], changes in pH of more than 0.2 units [234], 

a pH value change >10% over the course of the experiment [235] and pH value outside 

the optimal range of the drug tested [228, 229].  

2.2.2.7 Use of more than one assessor 

Only 13 studies (of 116 studies which performed physical compatibility testing) have 

used more than one assessor to perform the visual observations of the test drug 

mixtures.  
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2.2.2.8 Physical compatibility testing methods 

All studies which performed physical compatibility testing (n=116), have used 

macroscopic visual observation by unaided eye, under dark and light backgrounds, for 

precipitation, haze, turbidity, change in colour and evolutions of gases as physical 

compatibility determinants. Several studies have further used polarized light [96, 109, 

207, 209, 232, 236-239] and high intensity monodirectional light (Tyndall) beams [84, 

85, 110, 213-215, 220, 234, 240-245] to aid the visual observation. Twenty-two studies 

used magnifiers (magnifying lenses and lamps) for this purpose. Subvisual physical 

compatibility testing components have been used in 52 studies. These methods  

include turbidity measurement (using laboratory grade turbidimeters or 

spectrophotometrically), microscopic evaluation of particles (direct observation or 

observing the filter disks for particles after filtering the solution) and particle counting/ 

particle size analysing techniques. In addition to the above methods, Yamashita et al. 

[230], have centrifuged drug solutions at 3000 rpm for 10 minutes to concentrate any 

small particles that had not been visually detected.  

Microscopic observation of the filter disks (after filtering the sample mixtures) was 

performed in five studies [245-249] and the compatibility was determined based on 

USP chapter <788> Test 2.A criterion for particulate matter in injections: “the amount 

of particles in aliquot sterile solution is considered physically compatible if it is less 

than 2 particles/mL measuring ≥25 μm, and less than 12 particles/mL with size ≥10 

μm in diameter” [250]. Further, light obscuration particle counting techniques too have 

been incorporated by several studies [251, 252], which used USP  chapter <788> Test 

1.B criterion for parenteral solutions: “the preparation is compatible if the average 

number of particles does not exceed 6000 per container ≥10 µm and does not exceed 

600 per container ≥25 µm” [250]. Koller et al. [226] used the European Pharmacopoeia 
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monograph 2.10.19 standard in particle counting tests: “average number of particles 

does not exceed 25 particles/mL for Particles ≥10 µm; does not exceed 3 particles/mL 

for particles ≥25 µm” [253]. 

2.2.2.9 Chemical compatibility testing methods 

Of the studies which performed chemical compatibility testing (n=33), a majority  

(n =27) have used HPLC to evaluate drug concentrations, making it the most widely 

used drug concentration testing method. In addition, LC-MS [217], immunoassay 

techniques [254, 255] Thin Layer Chromatography (TLC) [221], capillary 

electrophoresis [228], spectrophotometry [228, 231] and microbiological bioassays 

[221, 241] have been used to directly and indirectly evaluate drug concentrations. A 

majority (n=25) have used an acceptance criterion of 10% change in drug 

combinations from baseline (time 0) or the nominal drug concentration (of control 

sample), as a clinically significant incompatibility. A change in drug concentration of 

7% [207] and 5% [229, 256] too have been used as a cut-off level for drug 

concentrations. Several studies have also used statistically significant difference in 

drug concentration as a determinant of chemical incompatibility [95, 96, 109, 217, 

222, 255].  

2.2.2.10 Physical and chemical compatibility 

The availability of physical and chemical compatibility information for each of the 

total 95 predetermined list of drugs are illustrated in Table 2.3. A total of 30 drugs did 

not have chemical compatibility data available in combination with any of the other 

drugs in the list. Adenosine, erythropoietin, folic acid, glucagon and sodium benzoate 

had no physical or chemical compatibility data in combination with any drug in the 

list.   
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Physical and chemical drug compatibility summary charts were created with all 

possible drug combinations of the drugs of interest. On grounds of space, physical and 

chemical compatibility charts for selected drugs (drugs which have reported physical 

compatibility data for more than 10 combinations) are illustrated in Figure 2.7 and 2.8 

respectively. As per data reported in the selected studies for the systematic review, the 

boxes in the charts were named with a “C” for compatible combinations, with an “I” 

for incompatible combinations and with “#” if the compatibility depended on special 

conditions. The drug combinations with no compatibility data reported in the selected 

studies, were left unchecked. It was evident from the data compilation that for crucial 

NICU drugs such as epinephrine, norepinephrine, alprostadil, dopamine, dobutamine, 

ibuprofen, indometacin and morphine, significant gaps in chemical compatibility data 

was observed (Figure 2.8), in comparison to physical compatibility data (Figure 2.7). 

Though caffeine (citrate and base) is a major drug in neonatal therapeutics, it’s not 

included in the chart as it only had physical compatibility data available for less than 

10 combinations (Table 2.3) according to the selected studies in the review.  

Drug combinations which were reported as both compatible and incompatible under 

different testing conditions, for example, concentrations, testing times, diluents, are 

listed in Table 2.4, and its consistent with boxes specified as “#” in the physical and 

chemical compatibility charts (Figure 2.7 and 2.8)
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Figure 2.7 Physical compatibility data for selected drug combinations (Piperacillin-tazo.–Piperacillin-tazobactam; Sodium bicarb. – Sodium 

bicarbonate; Sodium nitro.– Sodium nitroprusside; Trimethoprim-SMX–Trimethoprim-sulfamethoxazole; C– Compatible; I– Incompatible; #– 

compatible in special situations) 
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Azithromycin I

Calcium gluconate C C #
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Cefotaxime C C I

Ceftazidime C C I I

Ceftriaxone C I I

Cefuroxime C I I

Ciprofloxacin C I I C

Clarithromycin C C C # I C

Clindamycin C C I

Clonidine I

Cloxacillin C I C C C I C C C C C C I C

Dexamethasone C C I C

Diazepam I

Digoxin I C C

Dobutamine I C C C # I I C C C I #

Dopamine I C C C C C C C C C

Doxapram C C C C I

Epinephrine C C I C C C C C C

Erythromycin C C C # I C

Fentanyl C C C C C I C C C C C C C C C C C C C

Fluconazole C C C I I C C I # I I # C C I I C C I

Furosemide C C # I C C C I I # C # # C C I

Gentamicin # C C I C C C I C I C C C I

Heparin C C C C C C C I I C C C C # C C C C C C I

Hydrocortisone C C I # C C C C
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Isoprenaline C C C C I C
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Levetiracetam C C I I I C
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Pancuronium C C I C C C C C C C C C C C C

Paracetamol I I C C C I # C C C C C

Pentoxifylline C C C C C C C C C C C C C C C C C C C C C C C

Phenobarbital C I C # C C C I # I C
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Figure 2.8 Chemical compatibility data for selected drug combinations (Piperacillin-tazo.–Piperacillin-tazobactam; Sodium bicarb.–Sodium 

bicarbonate; Sodium nitro.–Sodium nitroprusside; Trimethoprim-SMX–Trimethoprim-sulfamethoxazole; C–Compatible; I–Incompatible; #–

compatible in special situation 
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Table 2.4 Drug combinations reported as both compatible and incompatible 

under different testing conditions by selected studies. All data are related to physical 

compatibility unless specified. (D5W – glucose 5% w/v; NS – normal saline (0.9% w/v 

sodium chloride); U – undiluted; v/v – volume/volume ratio; RT – room temperature) 

Drug combination Compatible Incompatible 

Aciclovir and gentamicin Aciclovir 5 mg/mL (D5W) and 

gentamicin 1.6 mg/mL 

(premixed); Y-site mixed at 1:1 

v/v, for 4 hrs at RT [257] 

Aciclovir 5 mg/mL (NS; infusion 

rate 100 mL/hr) and gentamicin 30 

mg/mL (0.45% sodium chloride; 

infusion rate 10 mL/30 min) at RT; 

formation of thick paste [247] 

Aciclovir and 

meropenem 

Aciclovir 5 mg/mL (WFI) and 

meropenem 1 mg/mL (NS);  

Y-site mixed at 1:1 v/v, for 4 hrs 

at RT [258] 

Aciclovir 5 mg/mL (WFI) and 

meropenem 50 mg/mL (NS); Y-

site mixed at 1:1 v/v, at RT; 

immediate precipitation [258] 

Amiodarone and 

furosemide 

Amiodarone 6 mg/mL (D5W) 

and furosemide 1 mg/mL 

(D5W); Y-site mixed at 1:1 v/v, 

for 24 hrs at RT [259] 

Amiodarone 6 mg/mL (D5W) and 

furosemide 10 mg/mL (U); Y-site 

mixed at 1:1 v/v, at RT; immediate 

opaqueness [259] 

Amiodarone 6 mg/mL (D5W) and 

furosemide 10 mg/mL (U); Y-site 

mixed at 1:1 v/v, at RT; immediate 

turbidity [231]  

Amiodarone and sodium 

nitroprusside 

Amiodarone 6 mg/mL (D5W) 

and sodium nitroprusside 0.4 

mg/mL (D5W); Y-site mixed at 

1:1 v/v, for 24 hrs at RT [259] 

Amiodarone 6 & 15 mg/mL 

(D5W) and sodium nitroprusside 

0.3 mg/mL (D5W); Y-site mixed 

at 1:1 v/v, for 48 hrs at RT [110] 

Amiodarone 1.5 mg/mL (D5W) 

and sodium nitroprusside 0.3 

mg/mL (D5W); Y-site mixed at 

1:1 v/v, at RT; cloudiness in 4 hrs 

[110] 

Amiodarone 1.5, 6 & 15 mg/mL 

(D5W) and sodium nitroprusside 

1.2 mg/mL (D5W); Y-site mixed 

at 1:1 v/v, at RT; immediate 

precipitation [110] 

Amiodarone 1.5, 6 & 15 mg/mL 

(D5W) and sodium nitroprusside 3 

mg/mL (D5W); Y-site mixed at 

1:1 v/v, at RT; immediate 

precipitation [110] 

Amphotericin B and 

fluconazole 

Amphotericin B 0.1 mg/mL 

(WFI) and fluconazole 2 mg/mL 

(U); Y-site mixed at 1:1 v/v, for 

72 hrs at RT [222] 

Amphotericin B 5 mg/mL and 

fluconazole 2 mg/mL (U); Y-site 

mixed at 1:1 v/v, for 24 hrs at RT; 

delayed precipitate [260] 

Ampicillin and 

vancomycin 

Ampicillin 250 mg/mL (U), 50, 

10, 1 mg/mL (NS) and 

vancomycin 2 mg/mL (D5W); 

Y-site mixed at 1:1 v/v, for 4 hrs 

at RT [261] 

Ampicillin 50, 10, 1 mg/mL 

(NS) and vancomycin 20 mg/mL 

(D5W); Y-site mixed at 1:1 v/v, 

for 4 hrs at RT [261] 

Ampicillin 250 mg/mL (U) and 

vancomycin 20 mg/mL (D5W); Y-

site mixed at 1:1 v/v, for 4 hrs at 

RT; transient precipitate [261] 

Ampicillin and calcium 

gluconate  

Ampicillin 40 mg/mL (NS) and 

calcium gluconate 4 mg/mL 

(NS);  

Y-site mixed at 1:1 v/v, for 3 hrs 

at RT [50]  

Ampicillin 40 mg/mL (NS) and 

calcium gluconate 4 mg/mL 

(D5W);  

Y-site mixed at 1:1 v/v, at RT; 

colour change in 1 hr [50] 
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Drug combination Compatible Incompatible 

Calcium gluconate and 

dobutamine 

Calcium gluconate 4 mg/mL 

(NS/D5W) and dobutamine 4 

mg/mL (NS/D5W); Y-site mixed 

at 1:1 v/v, for 3 hrs at RT [50] 

Calcium gluconate 50 mg/mL 

(NS/D5W) and dobutamine 2 

mg/ml (D5W/NS); Y-site mixed at 

1:1 v/v, at RT; particles at 24 hrs 

[262] 

Calcium gluconate and 

meropenem 

Calcium gluconate 4 mg/mL 

(WFI) and meropenem 1 mg/mL 

(NS);  

Y-site mixed at 1:1 v/v,  

for 4 hrs at RT [258] 

Calcium gluconate 4 mg/mL 

(WFI) and meropenem 50 mg/mL 

(NS);  

Y-site mixed at 1:1 v/v, at RT; 

colour change at 4 hrs [258] 

Cefazolin and 

vancomycin 

Cefazolin 200 mg/mL (WFI), 10 

& 1 mg/mL (D5W) and 

vancomycin 2 mg/mL (D5W); 

Y-site mixed at  

1:1 v/v, for 4 hrs at RT [261]  

Cefazolin 1 mg/mL (D5W) and 

vancomycin 20 mg/mL (D5W); 

Y-site mixed at 1:1 v/v, for 4 hrs 

at RT [261] 

Cefazolin 50 mg/mL (D5W) and 

vancomycin 2 mg/mL (D5W); Y-

site mixed at 1:1 v/v, at RT; 

immediate precipitation [261] 

Cefazolin 200 mg/mL (WFI), 50 & 

10 mg/mL (D5W) and vancomycin 

20 mg/mL (D5W); Y-site mixed at 

1:1 v/v, at RT; immediate 

precipitation [261] 

Cefotaxime and 

vancomycin 

Cefotaxime 200 mg/mL (WFI), 

50, 10, 1 mg/mL (D5W) and 

vancomycin 2 mg/mL (D5W); 

Y-site mixed at 1:1 v/v, for 4 hrs 

at RT [261] 

Cefotaxime 10, 1 mg/mL (D5W) 

and vancomycin 20 mg/mL 

(D5W); Y-site mixed at 1:1 v/v, 

for 4 hrs at RT [261] 

Cefotaxime 200 mg/mL (WFI), 50 

mg/mL (D5W) and vancomycin 20 

mg/mL (D5W) Y-site mixed at 1:1 

v/v, at RT; immediate precipitation 

[261] 

Ceftazidime and 

clarythromycin 

Ceftazidime 120 mg/mL (flow 

rate 2mL/h) and clarythromycin 

500/50 mg/mL (0.3 hr infusion) 

physicochemically compatible at 

RT [238]  

Ceftazidime 120 mg/mL (flow rate 

2mL/h) and clarythromycin 500/10 

mg/mL (0.3 hr infusion) at RT; 

precipitation [236, 238] 

Ceftazidime and 

erythromycin  

Ceftazidime 120 mg/mL (flow 

rate 2mL/h) and erythromycin 

1,000/100 mg/mL (0.3 hr 

infusion) physicochemically 

compatible at RT [238] 

Ceftazidime 120 mg/mL (flow rate 

2mL/h) and erythromycin 1,000/20 

mg/mL (0.3 hr infusion) at RT; 

precipitate [236, 238] 

Ceftazidime and 

fluconazole  

Ceftazidime 120 mg/mL (flow 

rate 2mL/h) and fluconazole 

200/100 mg/mL (0.4 hr infusion) 

physicochemically compatible at 

RT [238] 

Ceftazidime 40 mg/mL (D5W) and 

fluconazole 2 mg/mL (U) Y-site 

mixed at 1:1 v/v, at RT for 72 hrs; 

colour change [222] 

Ceftazidime 20 mg/mL (D5W) and 

fluconazole 2 mg/mL (U) Y-site 

mixed at 1:1 v/v, at RT; immediate 

precipitate [260] 

Ceftazidime and 

vancomycin  

Ceftazidime 200 mg/mL (WFI), 

50, 10, 1 mg/mL (D5W) and 

vancomycin 2 mg/mL (D5W); 

Y-site mixed at 1:1 v/v, for 4 hrs 

at RT [261] 

Ceftazidime 1 mg/mL (D5W) 

and vancomycin 20 mg/mL 

(D5W); Y-site mixed at 1:1 v/v, 

for 4 hrs at RT [261] 

Ceftazidime 200 mg/mL (WFI), 

50, 10 mg/mL (D5W) and 

vancomycin 20 mg/mL (D5W); Y-

site mixed at 1:1 v/v, at RT; 

immediate precipitate [261] 

Ceftazidime 120 mg/mL (flow rate 

2mL/h) and vancomycin 1500/50 

mg/mL (30 mg/mL); 1 hr infusion 

[236] 
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Drug combination Compatible Incompatible 

Ceftriaxone and 

vancomycin 

Ceftriaxone 200 mg/mL (WFI), 

50, 10, 1 mg/mL (D5W) and 

vancomycin 2 mg/mL (D5W); 

Y-site mixed at 1:1 v/v, for 4 hrs 

at RT [261] 

Ceftriaxone 200 mg/mL (WFI), 50, 

10, 1 mg/mL (D5W) and 

vancomycin 20 mg/mL (D5W); Y-

site mixed at 1:1 v/v, at RT; 

immediate precipitation [261] 

Ciprofloxacin and 

hydrocortisone 

Ciprofloxacin 2 mg/mL (D5W) 

and hydrocortisone 1 mg/mL 

(NS); Y-site mixed at 1:1 v/v, for 

2 hrs at RT physically 

compatible (chemically 

incompatible) [217]  

Ciprofloxacin 2 mg/mL (NS/D5W) 

and hydrocortisone 100 mg/2mL 

(U);  

Y-site mixed at 1:1 v/v; immediate 

precipitation [263]  

Ciprofloxacin and 

sodium bicarbonate 

Ciprofloxacin 10 mg/mL (D5W) 

and sodium bicarbonate 1 

meq/mL (D5W); Y-site mixed at 

1:1 v/v, for 4 hrs at RT [243] 

Ciprofloxacin 10 mg/mL (D5W) 

and sodium bicarbonate 0.1 

meq/mL (D5W); Y-site mixed at 

1:1 v/v; initial haze and precipitate 

in 1 hr [243] 

Clindamycin and 

fluconazole 

Clindamycin 12 mg/mL (D5W) 

and fluconazole 2 mg/mL (U); 

Y-site mixed at 1:1 v/v, for 72 

hrs at RT [222] 

Clindamycin 24 mg/mL and 

fluconazole 2 mg/mL (U); Y-site 

mixed at 1:1 v/v, at RT; immediate 

precipitation [260] 

Clonidine and 

furosemide  

Clonidine 7.5 µg/mL (NS) and 

furosemide 2 mg/mL (NS); Y-

site mixed at 1:1 v/v, for 24 hrs 

at RT [229] 

Clonidine 4.5 µg/mL (NS) and 

frusemide 0.64 mg/mL (NS) Y-

site mixed at 1:1 v/v, for 6 hrs at 

RT [226] 

Clonidine 4.5 µg/mL (NS) and 

frusemide 5.34 mg/mL (NS); Y-

site mixed at 1:1 v/v, at RT; pH 

change at 6 hrs [226] 

Clonidine 15 µg/mL (NS) with 

frusemide 0.64 and 5.34 mg/mL 

(NS); Y-site mixed at 1:1 v/v, at 

RT; pH change at 2 & 4 hrs [226] 

Clonidine and 

midazolam 

Clonidine 15 µg/mL (NS) and 

midazolam 3.6 mg/mL (NS) Y-

site mixed at 1:1,1:10;10:1 v/v, 

for 7 days at RT 

physicochemically compatible 

[223] 

Clonidine 15 µg/mL and 

midazolam 5 mg/mL (U); Y-site 

mixed at 1:1 v/v, at RT; colour 

change in 24 hours [239] 

Diazepam and 

dobutamine  

Diazepam 0.2 mg/mL (NS/D5W) 

and dobutamine 4 mg/mL 

(NS/D5W) Y-site mixed at 1:1 

v/v for 3 hrs at RT [50] 

Diazepam 2.5 mg/mL (NS/D5W) 

and dobutamine 2 mg/ml 

(D5W/NS); Y-site mixed at 1:1 

v/v, at RT; initial clouding and 

yellow precipitate in 24 hrs [262] 

Dobutamine and 

furosemide 

Dobutamine 4 mg/mL (NS) 

furosemide 1mg/mL (NS); Y-site 

mixed at 1:1 v/v for 3 hrs at RT 

[50] 

Dobutamine 4 mg/mL (D5W) 

furosemide 1mg/mL (D5W); Y-

site mixed at 1:1 v/v at RT; 

precipitation in 1 hr [50] 

Dobutamine 4 mg/mL (D5W) and 

furosemide 10 mg/mL (U); Y-site 

mixed at 1:1 v/v at RT; immediate 

precipitation [264] 

Dobutamine 5 mg/mL (D5W) and 

furosemide 10 mg/mL (U); Y-site 

mixed at 1:1 v/v at RT; instant 

turbidity [231] 

Dobutamine 2 mg/ml (D5W/NS) 

and furosemide 5 mg/mL 

(NS/D5W); Y-site mixed at 1:1 v/v 

at RT; immediate precipitation 

[262] 
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Drug combination Compatible Incompatible 

Dobutamine 8 mg/mL (NS/ D5W) 

and furosemide 2 mg/mL (NS);  

Y-site mixed at 1:1 v/v at RT; 

immediate particles [229] 

Dobutamine and heparin Dobutamine 4 mg/mL (NS) and 

heparin 50 units/mL (NS); Y-site 

mixed at 1:1 v/v for 3 hrs at RT 

[50] 

Dobutamine 4 mg/mL (D5W) and 

heparin 50 units/mL (D5W); Y-

site mixed at 1:1 v/v at RT; 

immediate precipitation [50] 

Dobutamine 2 mg/mL (D5W/NS) 

and heparin 50 units/mL 

(NS/D5W);  

Y-site mixed at 1:1 v/v at RT 

[262] 

Dobutamine 2 mg/mL (D5W/NS) 

and heparin 5000 units/mL 

(NS/D5W); Y-site mixed at 1:1 v/v 

at RT; Pink at 6 hr [262]  

Dobutamine 2 mg/mL (D5W) and 

heparin 100 units/mL (D5W); Y-

site mixed at 1:1 v/v at RT; 

immediate precipitate [265] 

Dobutamine 4 mg/mL (D5W) and 

heparin 100 units/mL; Y-site 

mixed at 1:1 v/v at RT; 

precipitation [230]  

Dobutamine and insulin Dobutamine 8 mg/mL 

(NS/D5W) and insulin 1 

units/mL (NS/D5W); Y-site 

mixed at 1:1 v/v for 24 hrs at RT 

[229] 

Dobutamine 4 mg/mL (D5W) 

and insulin 1 units/mL (D5W); 

Y-site mixed at 1:1 v/v for 24 hrs 

at RT [230] 

Dobutamine 2 mg/mL (D5W/NS) 

and insulin 50 units/mL 

(NS/D5W); Y-site mixed at 1:1 

v/v, at RT; immediate precipitation 

[262] 

Dobutamine and 

midazolam 

Dobutamine 8 mg/mL (D5W) 

and midazolam 4 mg/mL (D5W); 

Y-site mixed at 1:1 v/v for 24 hrs 

at RT; physicochemically 

compatible [229] 

Dobutamine 8 mg/mL (NS) and 

midazolam 4 mg/mL (NS); Y-

site mixed at 1:1 v/v for 24 hrs at 

RT; Physically compatible but 

chemically incompatible [229] 

Dobutamine 4 mg/mL (D5W) 

with midazolam 1 mg/mL 

(D5W); Y-site mixed at 1:1 v/v 

for 24 hrs at RT [230]  

Dobutamine 2 mg/mL (D5W) and 

midazolam 1mg/mL (D5W); Y-

site mixed at 1:1 v/v, at RT; 

crystalline particles at 8 hrs [49] 

Dobutamine and 

pantoprazole 

Dobutamine 1.0 mg/mL (D5W) 

and pantoprazole 0.16 and 0.4 

mg/mL (NS); Y-site mixed at 1:1 

v/v for 12 hrs at RT [44] 

Dobutamine 2.5 mg/mL (D5W) 

and pantoprazole 0.16 and 0.4 

mg/mL (NS); Y-site mixed at 1:1 

v/v for 12 hrs at RT [44] 

Dobutamine 1.0 mg/mL (D5W) 

and pantoprazole 0.8 mg/mL (NS); 

Y-site mixed at 1:1 v/v, at RT; 

cloudiness [44] 

Dobutamine 2.5 mg/mL (D5W) 

and pantoprazole 0.8 mg/mL (NS); 

Y-site mixed at 1:1 v/v, at RT; 

cloudiness [44] 
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Drug combination Compatible Incompatible 

Dobutamine 4 mg/mL (D5W) and 

pantoprazole 0.16, 0.4 and 0.8 

mg/mL (NS); Y-site mixed at 1:1 

v/v, at RT; cloudiness [44] 

Dobutamine and sodium 

nitroprusside 

Dobutamine 5 mg/mL (U) and 

sodium nitroprusside 0.3 and 1.2 

mg/mL (D5W) is 

physicochemically compatible; 

Y-site mixed at 1:1; 1:4; 4:1 v/v 

for 24 hrs at RT [232] 

Dobutamine 1.5 mg/mL (D5W-

0.2% sodium chloride) and 

Sodium nitroprusside 0.3, 1.2 

and 3 mg/mL (D5W); Y-site 

mixed at 1:1 v/v for 48 at RT 

[110] 

Dobutamine 6 mg/mL (D5W-0.2% 

sodium chloride) and sodium 

nitroprusside 1.2 and 3 mg/mL 

(D5W); Y-site mixed at 1:1 v/v at 

RT; colour change [110] 

Dobutamine 12.5 mg/mL (U) and 

sodium nitroprusside 1.2 and 3 

mg/mL (D5W); Y-site mixed at 

1:1 v/v at RT; colour change [110] 

Dopamine and 

furosemide  

Dopamine 8 mg/mL (NS/D5W) 

and furosemide 2 mg/mL (NS); 

Y-site mixed at 1:1 v/v for 24 hrs 

at RT [229] 

Dopamine 3.2 mg/mL (D5W) and 

furosemide 10 mg/mL (U); Y-site 

mixed at 1:1 v/v, at RT; turbidity 

within 4 hrs [231] 

Fentanyl and 

acetaminophen 

Fentanyl 50 µg/mL and 

acetaminophen 10 mg/mL; Y-

site mixed at 1:1 v/v for 4 hrs 

[246] 

Fentanyl 50 µg/mL and 

acetaminophen 10 mg/mL (U); Y-

site mixed at 1:1 v/v, at RT; 

particle formation in 1 hr [245] 

Fentanyl and  
phenobarbitone  

Fentanyl 25 µg/mL (D5W) and 

with phenobarbitone 2mg/mL 

(D5W); Y-site mixed at 1:1 v/v 

for 48 hrs at RT [220] 

Fentanyl 50 µg/mL and  
phenobarbitone 50 mg/mL 

physically incompatible in 15 

minutes [65] 

Furosemide and 

morphine  

Furosemide 10 mg/mL (U) and 

morphine 2 mg/mL (D5W); Y-

site mixed at 1:1 v/v for 4 hrs at 

RT [264]   

Furosemide 10 mg/mL (U), 2.4,0.8 

mg/mL (D5W) and morphine 1 

mg/mL; Y-site mixed at 1:1 v/v, at 

RT; immediate precipitation [266]  

Heparin and sildenafil Heparin 1 units/mL (D5W; final 

concentration in container) and 

sildenafil 800 µg/mL;  for 30 

days at RT [106] 

Heparin 100 units/mL (D5W) and 

sildenafil 800 µg/mL; Y-site 

mixed at 1:1 v/v, at RT; haze 

within 24 hrs [94] 

Heparin and vancomycin  Heparin 5000 units/mL (NS; 

final conc 10 mg/mL) 

vancomycin (NS; final 

concentration); 

physicochemically compatible; 

Y-site mixed at 1:1 v/v for 72 hrs 

at 37°C [206] 

Heparin 1000 units/mL and 

vancomycin 10 mg/mL; Y-site 

mixed at 1:1 v/v; precipitation 

[267] 

Heparin 100 units/mL (NS/D5W) 

and vancomycin 10 mg/mL (NS);  

Y-site mixed at 1:1 v/v, at RT; 

precipitation [248] 

Hydrocortisone and 

midazolam 

Hydrocortisone 1 mg/mL (NS) 

physicochemically compatible 

with midazolam 1 mg/mL (NS) 

but chemically incompatible with 

2 mg/mL (NS); Y-site mixed at 

1:1 v/v for 2hrs at RT [217] 

Hydrocortisone 50 mg/mL and 

midazolam 5 mg/mL (U); Y-site 

mixed at 1:1 v/v, at RT; immediate 

precipitation [239] 

Ibuprofen and ranitidine  Ibuprofen 4 mg/mL (NS/RL/ 

D5W) and ranitidine 10 mg/mL; 

1:1 mixing on a slide [268] 

Ibuprofen 100 mg/mL (U) and 

ranitidine 10 mg/mL; 1:1 mixing 

on a slide; precipitation [268] 

Ibuprofen lysine and 

morphine 

Ibuprofen lysine 10 mg/mL (U) 

and morphine 0.5 mg/mL 

(D5W/NS);  

Ibuprofen lysine 10 mg/mL (U) 

and morphine 50 mg/mL (U); Y-
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Drug combination Compatible Incompatible 

Y-site mixed at 1:1 v/v for 4hrs 

at RT [104]   
site mixed at 1:1 v/v, at RT; 

immediate haze [104] 

Insulin and meropenem  Insulin 0.2 units/mL (WFI) 

meropenem 1 mg/mL and 50 

mg/mL (NS); Y-site mixed at 1:1 

v/v for 4hrs at RT [258] 

Insulin 1 IU/mL (NS/D5W) and 

meropenem 20 mg/mL (NS/D5W); 

Y-site mixed at 1:1; 1:4; 4:1 v/v; 

colour change in 2 hrs  [269] 

Insulin and 

norepinephrine  

Insulin 1 IU/mL (NS/D5W) and 

norepinephrine 0.32 mg/mL 

(D5W); Y-site mixed at 1:1 v/v 

for 24 hrs at RT [229] 

Insulin 1 IU/mL (D5W) and 

norepinephrine 0.064 mg/mL 

(D5W); Y-site mixed at 1:1 v/v, at 

RT; immediate precipitation [230] 

Levetiracetam and 

piperacillin/tazobactam 

Levetiracetam 20.83 mg/mL 

(NS) and piperacillin/tazobactam 

166/20.83 mg/mL (D5W); Y-site 

mixed at 1:9; 9:1; 1:1 v/v for 4hr 

at RT [270] 

Levetiracetam 5 mg/mL (NS) and 

piperacillin/tazobactam 45 mg/mL 

(NS); Y-site mixed at 1:1 v/v, at 

RT; turbidity within 30 min [235] 

Meropenem and 

metronidazole  

Meropenem 50 mg/mL (WFI) 

and metronidazole 5 mg/mL; Y-

site mixed at 1:1 v/v for 4 hrs at 

RT [251] 

Meropenem 1 and 50 mg/mL (NS) 

and metronidazole 5 mg/mL 

(WFI); Y-site mixed at 1:1 v/v, at 

RT; colour change within 4 hrs 

[258] 

Meropenem and 

vancomycin 

Meropenem 1 and 50 mg/mL 

(NS) and vancomycin 5 mg/mL 

(WFI); Y-site mixed at 1:1 v/v 

for 4 hrs at RT [258]   

Meropenem 50 mg/mL (WFI) and 

vancomycin 50 mg/mL; Y-site 

mixed at 1:1 v/v, at RT; immediate 

precipitation [251] 

Meropenem and 

zidovudine  

Meropenem 1 mg/mL (NS) and 

zidovudine 4 mg/mL (WFI); Y-

site mixed at 1:1 v/v for 4 hrs at 

RT [258] 

Meropenem 50 mg/mL (NS) and 

zidovudine 4 mg/mL (WFI); Y-site 

mixed at 1:1 v/v at RT; colour 

change in 1 hr [258] 

Midazolam and 

ranitidine 

Midazolam 5 mg/mL (U) and 

ranitidine 0.5 mg/mL; Y-site 

mixed at 1:1 v/v for 24 hrs at RT 

[239]  

Midazolam 5 mg/mL (U) 

ranitidine 50 mg/2 mL at RT; 

immediate precipitation [271] 

Morphine and  
phenobarbitone 

Morphine 1 mg/mL (D5W) and  
phenobarbitone 2mg/mL (D5W); 

Y-site mixed at 1:1 v/v for 48 hrs 

at RT [220] 

Morphine 15 mg/mL and  
phenobarbitone 50 mg/mL; 

precipitation in 15 min [65] 

Vancomycin and 

piperacillin /tazobactam 

Vancomycin 2 mg/mL (D5W) 

and piperacillin /tazobactam 

200/25 mg/mL (U), 50/6.5 

mg/mL (D5W), 10/1.25 mg/mL 

(D5W), 1/0.125mg/mL (D5W); 

Y-site mixed at 1:1 v/v for 4 hrs 

at RT [261] 

Vancomycin 20 mg/mL (D5W) 

and piperacillin /tazobactam 

1/0.125mg/mL (D5W); Y-site 

mixed at 1:1 v/v for 4 hrs at RT 

[261] 

Vancomycin 5 mg/mL (D5W) 

and piperacillin/tazobactam 28 

mg/mL (D5W) chemically 

(bioassay) compatible; Y-site 

mixed at 1:1 v/v for 24 hrs at RT 

[241] 

Vancomycin 20 mg/mL (D5W) 

and piperacillin /tazobactam 

200/25 mg/mL (U), 50/6.5 mg/mL 

(D5W), 10/1.25 mg/mL (D5W); 

Y-site mixed at 1:1 v/v at RT; 

immediate precipitation [261] 

Vancomycin 10 mg/mL (D5W) 

and piperacillin/tazobactam 40:5 

mg/mL (D5W); Y-site mixed at 

1:1 v/v at RT; precipitation within 

4 hrs [242] 

Vancomycin 10 mg/mL and 15 

mg/mL (D5W) and 

piperacillin/tazobactam 28 mg/mL 

(D5W) visually incompatible but 

chemically (bioassay) compatible; 

Y-site mixed at 1:1 v/v for 24 hrs 

at RT [241]   

Vancomycin and 

cefepime  

Vancomycin 10 mg/mL and 

cefepime 83.33 mg/mL 

Vancomycin 10 mg/mL and 

cefepime 200 mg/mL chemically 
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Quality assessment characteristics of the selected studies that evaluated physical and 

chemical compatibility are presented in Table 2.5. Drug manufacturers were reported 

in 108 of 118 studies (92%). Of the selected studies, 112 (95%) defined the drug 

contact times, 104 (88%) defined the study conditions such as temperature and 109 

(92%) clearly reported the mixing vessels (tubes/ containers and Y-site tubing). All 

studies defined the drug concentrations used for compatibility studies. Drug diluents 

were reported for all tested drugs in 104 (88%) studies, and 110 (93%) have defined 

sampling times (or completion of Y-site infusion). Baseline level testing performed in 

98 (83%) studies and only 58 (49%) have used parallel controls in the experiment. 

Testing was performed in replicates, in 88 (75%) studies and 112 (95%) defined the 

mixing ratios of drug combinations. All 118 studies provided implications for future 

research.  

All 116 studies which investigated physical compatibility have evaluated compatibility 

by one or more of the visually observable changes, for example, precipitate formation, 

haze, colour change and gas production. Sub-visual physical compatibility has been 

assessed by 52 (45%) studies, using techniques such as turbidity measurement and 

microscopic evaluation. Measurement of pH was carried out by 49 (42%) studies, 114 

(98%) clearly defined the acceptance criteria for physical compatibility evaluation. 

More than one assessor involved in visual observation, in 13 (11%) studies.  

Of the 33 studies which evaluated chemical compatibility, 30 (91%) studies either 

described or referenced the analytical method used for chemical testing. Method 

Drug combination Compatible Incompatible 

physicochemically compatible; 

Vancomycin 10 mg/mL and 

cefepime 200 mg/mL physically 

compatible; Y-site mixed at 1:1 

v/v for 1 hr at RT [207] 

incompatible; Y-site mixed at 1:1 

v/v for 1 hr at RT [207] 
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validation was reported or referenced in 27 (82%) studies; 23 (70%) studies provided 

quality assurance (QA) data. All 33 studies defined acceptance criteria for chemical 

compatibility.  
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Table 2.5 Quality assessment for physical and chemical compatibility study 

components 

Quality criterion evaluated Number of studies complied (from 

a total of 118 studies) 

Drug manufacturers listed 108 

Drug batches listed 106 

Number and frequency of observations defined 107 

Study duration (exposure time) defined 112 

Study conditions i.e. temperature, defined 104 

Mixing vessels mentioned (tubes/ containers/ Y-tubing) 109 

Drug concentrations defined 118 

Drug diluents reported for all drugs studied 104 

Sampling times defined (or completion of infusion if actual 

Y-site simulation conducted) 

110 

Base line level testing (t=0) performed 98 

Parallel controls used 58 

Testing performed in replicates 88 

Mixing ratios (or infusion rates if actual Y-site simulation 

conducted) defined 

112 

Study provides implications for future research and clinical 

practice 

118 

Physical compatibility testing quality criterion Number of studies complied (from 

a total of 116 studies) 

Precipitate formation /haze/ colour change/ gas production 

evaluated visually 

116 

Sub-visual physical compatibility i.e. Turbidity measured 

instrumentally, microscopic evaluation 

52 

pH testing performed 49 

Acceptance/compatibility criteria defined 114 

Visual observation done by more than one assessor 13 

Chemical compatibility testing quality criterion Number of studies complied (from 

a total of 33 studies) 

Analytical method described or referenced 30 

Method validation is reported/ referenced (selective or 

stability-indicating) 

27 

Analytical method QA data provided (LOQ, accuracy, 

precision) 

23 

Acceptance/compatibility criteria defined 33 
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2.3 Discussion 

The methodology utilized for the systematic review comprised the SPIDER systematic 

review model, a broad search strategy to capture over 27,000 deduplicated articles and 

screening via the machine learning tool, Research Screener, to expedite the extraction 

of eligible articles for a pharmaceutical science systematic review. The literature 

search and screening process were tested using a pilot study and assessment of inter-

reviewer reliability. 

It was determined in the pilot study that the search strategy required several generic 

terms, such as “stability,” “compatib*,” “intravenous*,” and “injection*” (Table 2.1) 

to ensure that all eligible reports were captured. It was concluded that this requirement 

to include common terms may be a broader issue for systematic reviews in 

pharmaceutical sciences and other scientific disciplines. Hence, the iterative process 

of the pilot study was an important evaluation step in developing the systematic review, 

to maximize the capture of relevant references, and this course of action is highly 

encouraged. The value of machine learning screening tools is that large databases from 

search strategies can be efficiently managed to extract articles for full-text review. 

The pilot study indicated that 7.3% (119/1622) of the captured articles could be 

relevant to the systematic review, which was comparable to 7.5% in a previous study 

[32], and therefore suggested approximately 2000 articles would be identified as 

potentially eligible for the systematic review. However, the proportion of articles 

selected for full-text review was lower than predicted from the pilot study and 

appeared to be related to at least two factors. 

Firstly, many of the selected articles included several drugs from concept 3 of the 

search strategy (Table 2.1), thus limiting the overall pool of eligible studies. Second, 
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in retrospect, the pilot study included some IV drugs which are more commonly used 

in neonatal/paediatric settings than in adult patients, or for which there is a limited 

body of relevant, published literature (e.g., caffeine, pentoxifylline, indometacin, and 

sotalol).  

It was noted (anecdotally) that some terms, such as stability and IV, are used in a wide 

range of contexts and a number of abstracts were easily and swiftly excluded. 

Importantly, due to the machine learning algorithms and user-friendly operation of 

Research Screener, the overall workload impact in the screening process was modest. 

Further investigation of the reasons behind the relatively low selection rate from the 

initial pool of articles was outside the scope and value of the present study, as the goal 

was to optimize capture of eligible papers. 

There was an appreciable time saving associated with Research Screener. Recent 

reports indicate the time to screen abstracts for systematic reviews ranges from 30 to 

60 seconds per abstract and varies according to the experience of the reviewer [194, 

197, 272, 273]. In the present study, the two reviewers noted that screening the cycles 

with a rich source of eligible papers was more time consuming than the latter cycles 

(after cycle 20), where most abstracts could be rapidly excluded. As a result of the 

Research Screener ranking and screening process, whereby the average title/abstract 

screening time from the final 20% of cycles for the two reviewers was 8.4 and 15.2 

seconds, respectively, the overall time saving was at least 56 and 98 hours, 

respectively, if screening the results of the full search strategy was necessary. 

One limitation of Research Screener and similar tools is the preclusion of papers which 

do not contain an abstract. In the present systematic review, 1269 such references were 

required to be manually screened; however, there was moderate inter-reviewer 
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agreement, and this was an important pool of articles in the present study, contributing 

approximately half of the final body of literature for the systematic review. 

Overall, the importance of testing the systematic review search strategy process and 

optimizing the literature captured was well demonstrated. Semi-automated machine 

learning tools such as Research Screener may then be utilized to efficiently screen the 

results of the search strategy, providing a manageable workload and confidence in the 

outcomes and scientific rigor of the systematic review. 

In retrospect, the disadvantage of using English language as a limiter during data base 

searching was evident. There was a likelihood of key-articles pertaining to drug 

compatibility, published in languages other than English, being overlooked. One such 

example in the present review was the article published by Audet and colleagues [274], 

which was published in French. 

Another unavoidable limitation is that, if the search data bases do not contain certain 

journals, articles of that journal may be overlooked. The article published by Mitchell 

and Gailey (1999) [275], pertaining to caffeine compatibility, was not retrieved by the 

search strategy of the present review, due to the journal being non-existent in the search 

databases.  

Although the focus of most studies was not neonatal or paediatric setting, they were 

chosen for the systematic review as they contained compatibility information of drugs 

commonly used in NICU setting, usually at clinically relevant concentrations. 

Amongst the key compatibility information reported in the selected studies, the paucity 

of combined physicochemical compatibility data was highlighted. Physical drug 

incompatibilities can lead to adverse outcomes to patients such as catheter obstruction, 

venous irritation, pulmonary and renal embolism, whereas chemical incompatibility 
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can potentially lead to therapeutic failure due to changes in drug concentration, and 

formation of toxic compounds [270]. The most crucial fact is that physical 

compatibility does not exclude the possibility of chemical incompatibility [276] and 

visual compatibility data cannot be extrapolated into chemical compatibility of 

medications [249]. Thus, combined physicochemical compatibility information is 

imperative for clinical decisions, however, according to the present review, it has been 

reported in <30% of published literature. Furthermore, the review revealed that a 

significant number of potential drug combinations do not have compatibility data 

available. This finding is consistent with the systematic review published by Kanji et 

al. [32], which concluded that the vast majority of compatibility studies are of physical 

compatibility and almost half of the potential combinations of ICU drugs have never 

been studied. This relative paucity of compatibility data may result in the use of 

additional venous access points for multiple drugs, presenting a possibility for 

infections, mechanical damage, and thrombotic complications. Administration of 

inappropriate drug combinations due to the absence of reliable compatibility 

information is reported in literature [277]. Clinicians should be aware of the 

differences in applicability of physical and chemical compatibility studies and 

chemical stability should not be assumed from physically compatible drug 

combinations. Indeed, it may be concluded from the present review that there is a 

significant need for chemical compatibility data for a wide range of drugs used in 

NICU settings (Figure 2.8).  

An interesting finding of the present review is the trend in studies conducted to 

evaluate combined physical and chemical compatibility, which most likely reflect the 

better access to analytical techniques (Figure 2.6).  
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A considerable degree of heterogeneity with respect to the methodology of 

compatibility studies conducted, regarding components of preparation of samples prior 

to testing, temperature exposed, contact time, use of controls and baseline testing, pH 

testing, involvement of more than one assessor in observations, physical and chemical 

testing methods, was identified in the review.  

Filtration of drug samples using syringe filters prior to testing has been conducted to 

reduce the background noise of particles [84, 248] , and to remove any potential glass 

debris from the solution in concerning drugs in glass ampoules [251, 252]. Medications 

that require reconstitution had also been filtered using 0.2 µm filters, immediately prior 

to use, to remove potential particles [109].  

Reversing the order of mixing has been used to eliminate the sequence of mixing as 

the cause of any incompatibility. Some studies reported of identical results observed 

when the order of drug mixing was reversed [85, 110, 278], while another study 

reported the order of mixing affecting the compatibility of drugs [244]. However, in 

Y-site administration, an order of mixing does not exist, therefore, in case of 

incompatibility detection in one of the orders, the Y-site administration of the drug pair 

should be contraindicated [84, 240].  

Although most of the studies have used static mixing to simulate Y-site administration 

conditions, a study which conducted both dynamic (actual Y-simulation) and static 

mixing clearly demonstrated a discordance between simulated and actual Y-site 

evaluation. Vancomycin 5 mg/mL in D5W combined with piperacillin-tazobactam 

67.5 mg/mL in D5W via simulated Y-site infusion demonstrated no evidence of 

physical incompatibility, however, actual Y-site infusion of the 2 drugs at the same 

concentrations resulted in precipitation suggestive of physical incompatibility. Hence, 
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the importance of including actual Y-site evaluation as a component of future 

compatibility studies, was suggested [227]. Similarly, Humbert-Delaloye et al. [232], 

demonstrated that amiodarone, was seen to interact with the administration equipment, 

hence concluded that while it is more pragmatic and faster to carry out static assays, 

the dynamic tests have proved to be useful by better simulating the actual clinical 

administration condition of an ICU.  

It was first reported in 1977, that the mixing of the IV fluid in an IV administration set 

with the secondary additive from the Y-site to the needle tip was found by a dye 

dilution technique to occur approximately in a 1:1 ratio [66].  Hence a single ratio of 

1:1 had been used in most of the Y-site drug compatibility testing methodologies by 

researchers. However, there are studies which have used different ratios i.e., 1:9, 9:1, 

1:4, 4:1 to simulate cases where one of the two drugs is administered faster than the 

other and will thus reach the Y-site tubing at higher or lower concentrations [223, 232, 

237, 269, 270]. 

The use of control samples is important in the compatibility testing methods to arrive 

at a comparative evaluation of physicochemical compatibility. Physical compatibility 

of the test samples could be determined by checking the visual changes compared to 

the control samples. For chemical compatibility testing, drug concentrations in the test 

samples (drug combinations) could be compared with that of the control solutions. 

Baseline (time zero) testing is carried out in studies to determine the changes in 

physical and chemical compatibility parameters, with time, since the point of mixing.  

Although different contact times have been used for testing compatibility, conclusions 

are made that even in the case of long infusion lines combined with low flow rates and 

a manifold located distant to the patient, a contact time of more than 8 hours will not 
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be achieved [223]. Similarly, AlSalman et al. [94] concluded that modelling of contact 

times between drugs at minimal flow rates (0.1 mL/hr) and maximum combined dead-

space of tubing, determined maximum contact time to be 8 hours, however, their 

testing was carried out over 24 hours. A study period of 60 minutes has been justified 

as a plausible maximum contact time that two drug solutions would be in IV tubing 

from the Y-site to the tip of a cannula (e.g., the volume of 50 cm of 1 mm internal 

diameter tubing is approximately 400 µL) [109]. Longer contact times of multiple 

hours to days will be practically difficult to perform in research settings and the study 

duration should be chosen based on the clinical application, i.e. if drugs are clinically 

administered through a Y-site, for a few minutes, mixing drugs for multiple hours and 

days during the compatibility study is unnecessary. However, extending the time of 

the study builds up more knowledge for clinical practice which may allow for 

extensions to IV run times within clinical guidelines, particularly for treatment in 

extremely low birth weight babies. 

Temperatures higher than ambient/room temperature have been used in studies to 

mimic the environment in the temperature-controlled incubators (humidicribs) in 

NICU’s [94]. However, as most of the Y-site tubing length does not exist in incubator 

temperature, and incubators do not have a fixed temperature, the use of higher 

temperatures in IV compatibility testing is uncommon, and the specific requirements 

and experimental conditions remain unclear.  

Kanji et al. [32] identified in their review of physicochemical drug compatibility 

studies, that pH measurement has been inconsistently applied and clinical significance 

of a pH change over time is unclear. Further, if thresholds were defined, there was no 

clinical or biochemical justification. Similarly, the present review indicates that pH 

testing has been used both as physical and chemical compatibility determinant, and 
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varying threshold limits have been defined to determine physical or chemical 

compatibility (i.e. pH unit change 0.1 units to 2 units). As changes in pH can contribute 

to precipitation as well as the presence of chemical reaction [53], and as it further 

affects drug solubility [237], pH testing could be of value to be used as a 

complementary test to the main physical and chemical compatibility testing.  

Although human resource is a demanding factor in research, the presence of two or 

more evaluators to perform visual observations of samples has aided in the reduction 

of potential bias in visual observation [102]. 

Many of the physical compatibility studies were reported more than two decades ago 

and several drugs are currently produced by a range of manufacturers. Furthermore, 

there is a variety of formulations (e.g. solutions, lyophilised powders) available for 

some drugs (e.g. aciclovir). Different excipients present in different formulations may 

behave differently during compatibility studies and therefore, formulation details 

should be an important inclusion of the study. 

Given the reported compatibility studies are vastly heterogeneous in terms of 

methodology, the present review emphasises the importance of methodologic integrity 

in future compatibility studies, particularly with respect to the NICU setting. Further 

it is recommended that future studies incorporate items in the quality assessment tool 

provided such as incorporating multiple reviewers in the observation. This review 

complements the findings of previous reviews by reporting compatibility information 

for a vast range of crucial NICU drugs including sildenafil and caffeine, which were 

not previously reviewed for compatibility data [32].  

Although compatibility summary charts are used as information tools to aid clinical 

decisions in co-administration of drugs at the clinical setting, their utility may be 
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limited as it does not provide the conditions, for example concentrations and duration 

of exposure pertaining to the compatibility.  Furthermore, a single chart would not be 

helpful to provide both physical and chemical compatibility information.  

Overall, the present systematic review highlighted the strong need of conducting 

combined physicochemical compatibility studies as the knowledge pertaining to 

chemical compatibility is limited. Furthermore, given the high clinical relevance, the 

review warranted future physicochemical compatibility studies of NICU drugs such as 

sildenafil and caffeine in neonatal Y-site administration conditions.   
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Chapter 3  

Physicochemical compatibility of sildenafil injection with 

parenteral medications used in neonatal intensive care 

settings 

3.1 Introduction and background 

3.1.1 Pharmacology of sildenafil  

The nitric oxide/ cyclic guanosine monophosphate (NO/cGMP) signalling pathway 

mediates relaxation of vascular smooth muscle in pulmonary vasodilatation 

(continuously) and penile erection. Smooth muscle relaxation is partly mediated via 

protein kinase G (PKG) activation, subsequent potassium channel opening and 

reductions in intracellular calcium levels (Figure 3.1) [279].  

 

Figure 3.1 Nitric oxide/ cyclic Guanosine monophosphate signalling pathway, 

illustrating the role of cGMP in decreasing intracellular Ca2+ levels and subsequent 

smooth muscle relaxation 
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Cyclic nucleotides (i.e., cGMP) are degraded by intracellular phosphodiesterase 

(PDEs). Five subtypes of PDEs were identified in the mid-1980s, of which, 

phosphodiesterase type 5 (PDE5), exclusively catalyses the breakdown of cGMP. 

PDE5 is present in the smooth muscle of the systemic vasculature, and in platelets. In 

1986, novel pyrazolopyrimidines were synthesized that were highly potent inhibitors 

of PDE5 [280]. One compound designated chemically as 1-[[3-(6,7-dihydro-1-methyl-

7-oxo-3-propyl-1H-pyrazolo[4,3-d]pyrimidin-5-yl)-4-ethoxyphenyl]sulphonyl]-4 

methylpiperazine, known as sildenafil, and it’s citrate salt (Figure 3.2) is marketed 

under the trade name Viagra® [280]. The molecular weight of the citrate salt is 666.7 

and the base form is 474.6. Sildenafil is an amphoteric molecule with two pKa values 

at 9.84 (NH-piperazine ring) and 7.10 (NH-amide at pyrazolopyrimidine ring) [281]. 

Sildenafil demonstrated good potency and excellent selectivity for PDE5 [282]. 

Sildenafil selectively inhibits cGMP specific PDE5, the enzyme which catalyses 

hydrolysis of cGMP. This inhibition causes elevation of cellular cGMP, which 

subsequently decreases intracellular calcium levels, thus leading to smooth muscle 

relaxation [280, 283].  

 

Figure 3.2 Sildenafil citrate chemical formula; molecular weight of citrate 

salt=666.7; molecular weight of base=474.6 

Sildenafil (as Viagra®) was first approved for treatment of erectile dysfunction in 1998 

by both the USFDA and the European Medicines Evaluation Agency. Thereafter, other 

clinical indications of sildenafil emerged. Scientifically supportive findings, for 
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example, PDE5 gene upregulation in pulmonary hypertension (PH) [284] and PDE5 

inhibitors ameliorating pulmonary hypertension in experimental models [285-289], led 

to a series of preclinical investigations of sildenafil’s potential in the management of 

pulmonary vascular disease.  

The placebo-controlled study by Pfizer conducted between 1998 and 2000 

demonstrated that IV sildenafil selectively reduced pulmonary pressure and pulmonary 

vascular resistance in patients with pulmonary arterial hypertension, pulmonary 

venous hypertension, and pulmonary hypoxic hypertension [280]. It was during this 

period that significant attention was directed towards the use of sildenafil in pulmonary 

hypertension.  

3.1.2 Effects of sildenafil in pulmonary hypertension 

Pulmonary hypertension is a haemodynamic state resulting in a progressive increase 

in the mean pulmonary artery pressure (≥25mmHg at rest or ≥30mmHg with exercise) 

[290]. According to the World Health Organization’s classification, pulmonary arterial 

hypertension (PAH) is a subtype of PH with a pulmonary capillary wedge pressure 

≤15mmHg and by pulmonary vascular resistance >3 Wood units. PAH can be 

idiopathic, familial, or secondary to a variety of conditions such as connective tissue 

disease, haemoglobinopathies, or human immunodeficiency virus infection [291].  

Vascular constriction, thrombosis and remodelling of pulmonary arteries are thought 

to arise due to endothelial dysfunction caused by an imbalance of endogenous 

vasodilators (i.e. NO) and vasoconstrictors (i.e., endothelin 1) [292, 293]. PDE5 is 

found in high concentrations in pulmonary arteries. As described above (Figure 3.1), 

endothelium-derived NO stimulates intracellular guanylate cyclase, increasing cGMP 
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levels, and leading to smooth muscle relaxation. Sildenafil, by inhibiting PDE5, 

inhibits breakdown of cGMP and prolongs its action [294].  

Trials of sildenafil have demonstrated its ability to cause rapid vasodilatation, resulting 

in improved haemodynamics [295]. It significantly decreases mean pulmonary arterial 

pressure and pulmonary vascular resistance with minimal or no effect on mean arterial 

pressure and improves cardiac output. Sildenafil has demonstrated comparable 

haemodynamic effects as other PH treatment modalities e.g. inhaled NO, iloprost 

aerosol [295]. 

3.1.3 Pulmonary hypertension in the newborn and the use of sildenafil as 

treatment  

Persistent pulmonary hypertension of the newborn (PPHN) is life‑threatening and 

results from poor haemodynamic and respiratory transition to extrauterine life [296]. 

It is characterized by an increase in pulmonary vascular resistance, right‑to‑left shunt, 

and severe hypoxemia [296]. The most common treatment option for PPHN is inhaled 

nitric oxide [297]. However, NO is an expensive treatment modality and as a 

considerable proportion (50%) of infants with PPHN do not respond to NO therapy, 

clinicians opt for alternative treatment options such as PDE5 inhibitors (e.g. sildenafil) 

[297]. Upon successful use of sildenafil for treatment of adult PH, research interest for 

the use of sildenafil in paediatric populations subsequently grew. As a result, sildenafil 

is now an established alternative to NO as a treatment option for PH in infants and 

children, despite its off-label use [298, 299], and has been shown to significantly 

increase oxygenation and reduce mortality, with no clinically important side effects, 

when administered in PPHN [297].  
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Sildenafil is available as an oral tablet and a suspension. However, drug bioavailability 

upon oral absorption is only 40% [300] due to hepatic clearance (demethylation) by 

cytochrome P450 enzymes 2C9 and 3A4 [301]. Conversely, CYP-mediated 

metabolism is immature in neonates, hence, there is a higher risk of toxicity [298] due 

to a prolonged exposure to high drug concentrations. Further, the oral route is 

undesirable in critically ill neonates with very unpredictable gastrointestinal 

absorption, making the IV administration of sildenafil preferable [302]. 

3.1.4 Administration of IV sildenafil in NICU settings 

The conventional treatment regimen of IV sildenafil for PPHN is a loading dose of 0.4 

mg/kg administered over 3 hours, followed by a continuous infusion of 1.6 mg/kg/day 

for up to 7 days, with typical sildenafil concentrations in the order of 400-800 µg/mL 

in D5W injection [303]. In preterm infants, a lower loading dose of 0.1 mg/kg 

administered over 45 minutes and continuous infusion of 0.5 to 1.2 mg/kg/day is 

recommended, using sildenafil concentrations in the order of 60-100 µg/mL in D5W 

injection [304]. 

3.1.5 Development of assays to evaluate stability and compatibility of sildenafil 

formulations 

Provenza et al. [305] conducted physicochemical stability studies of two paediatric 

liquid oral formulations of sildenafil designed for treatment of PPHN. 

Physicochemical stability parameters, namely appearance, pH, particle size, 

rheological behaviour and drug content of formulations, were evaluated at three 

different temperatures for 90 days. Results concluded that one formulation was 

physicochemically and microbiologically stable for 90 days at 4°C and 25°C, however, 

at 40°C drug content remained within the acceptable limits for only 60 days. The 
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alternative formulation was stable for 30 days at 25°C and 40°C. At 4°C, the active 

drug content remained within acceptable limits (>90%) for less than 15 days. Along 

with this reduction, a non redispersible sediment was visible at 4°C, suggesting a 

reduction in sildenafil solubility at low temperature. The pH and the rheological 

behaviour remained constant in both formulations. Sildenafil concentrations were 

determined using a UV/visible spectrophotometric method that was conducted at room 

temperature. The stability of sildenafil was confirmed in all formulated dosage forms 

[305]. 

The study of Daraghmeh et al. [306], aimed at developing and validating a HPLC 

method for the assay of sildenafil citrate and degradant products in tablet formulation. 

The HPLC system comprised a C18 column, a mobile phase of ammonium acetate (pH 

7.0, 0.2 M) and acetonitrile (1:1 volume ratio) and a flow rate of 1 mL/min. The UV 

detector was set at 240 nm. The chromatographic method showed good separation of 

sildenafil and other related substances. Similarly, a validated, stability-indicating 

HPLC method was developed by Dinesh et al. [307], for the quantitation of sildenafil 

citrate in pure form and in pharmaceutical samples. The HPLC method comprised a 

C18 column, and a mobile phase of water and acetonitrile (48:52 volume ratio). The 

mobile phase flow rate was 1 mL/min, and the UV detection was set at 245 nm.  

Fejos and colleagues [308] developed a validated HPLC method for quantitative 

screening of sildenafil, vardenafil, tadalafil and their designer analogs. The method 

comprised a C18 column maintained at 25°C, and a gradient elution. One mobile phase 

(A) was a 200 mM ammonium acetate solution. The other mobile phase (B) consisted 

of a mixture of equal volumes of methanol and acetonitrile. The gradient program of 

the method was: 0-9 min 40-50% B; 9-17 min 50-80% B; 17-20 min 80% B; 20-20.5 
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min 80-40% B; 20.5-25 min 40% B. The flow rate of the mobile phase was 0.5 

mL/min, and the detection of wavelength was 290 nm.  

Hashem et al. [309], established and validated a rapid HPLC method for simultaneous 

determination of sildenafil citrate, tadalafil, and apomorphine hydrochloride. The 

method was composed of a calixarene column, and a binary mobile phase of 35% 

acetonitrile and 65% 50 mM sodium perchlorate (pH 2.5). The mobile phase flow rate 

was 1 mL/min.  

An ultra-high-performance liquid chromatography coupled with quadrupole time-of-

flight mass spectrometry method was developed and validated by Shi et al. [310], for 

screening, and quantitation of anti-impotence compounds in dietary supplements. The 

chromatographic separation was performed using a C18 column and a binary mobile 

phase. One mobile phase (A) was 0.1% formic acid aqueous solution, and the other 

(B) was acetonitrile. The gradient elution programmed was: 0.0-13.0 min (A: 80-60%, 

B: 20-40%), 13.0-17.0 min (A: 60-20%, B: 40-80%), 17.0-17.5 min (A: 20-10%, B: 

80-90%), 17.5-22.0 min (A: 10%, B: 90%), 22.0-22.5 min (A: 10-80%, B: 90-20%), 

22.5-26.0 min (A: 80%, B: 20%).  

Atipairin et al. [311], have developed and validated a HPLC method for analysis of 

sildenafil citrate in an extemporaneous preparation. The chromatographic conditions 

used were a C18 column with a mobile phase consisting of 50% 0.2 M ammonium 

acetate buffer (pH 7.0) and 50% acetonitrile. The flow rate used was 1.0 mL/min, and 

UV detection wavelength was 245 nm. The proposed method was found to be accurate, 

reliable and stability-indicating.  

Due to the unavailability of information on how sildenafil dilutions for continuous IV 

administration should be prepared and stored, specifically in paediatric settings, Al 
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Hadithy et al. [312], studied the stability of two sildenafil dilutions (0.067 and 0.667 

mg/mL) in D5W (diluent of choice in most NICUs). Both dilutions were stored in 

polypropylene syringes at ambient room temperature (20-25°C) and at 37°C 

(laboratory incubator) for 24 hours and 7 days. The concentration of sildenafil in both 

dilutions were determined using a validated HPLC method comprising a C18 column 

and a mobile phase of acetonitrile and ammonium acetate 10 mM (50:50 volume ratio). 

The diode array detector of the HPLC system was set at 292 nm.  Sildenafil 

concentrations in both dilutions at the end of the incubation periods (1 and 7 days) 

suggested no marked degradation at the two temperatures studied. All measured 

concentrations were higher than 95.4% of the original concentration. The peak-purity 

index was 1.0 in all measurements, confirming the absence of degradation products. 

These findings have proven the chemical stability of the sildenafil in D5W solutions 

studied, for up to 1 week at room temperature and at 37°C.  

Overall, these studies confirm the stability of sildenafil in a variety of pharmaceutical 

and dietary products including oral and IV paediatric formulations. Furthermore, 

HPLC techniques are commonly used to quantify sildenafil and related products in 

these formulations. C18 columns and mobile phases comprising acetate buffers and 

acetonitrile are commonly incorporated in these HPLC assays. Both isocratic and 

gradient methods have been used in chromatographic systems with varying UV 

detection wavelengths.  
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Overall, this series of research studies confirm; 

i) The stability of sildenafil in a variety of pharmaceutical and dietary 

products including oral and IV paediatric formulations.  

ii) HPLC assays are the most commonly used method to quantify sildenafil 

and related products in these formulations.  

iii) C18 columns and mobile phases comprising acetate buffers and acetonitrile 

are commonly incorporated in sildenafil stability assays.  

iv) Both isocratic and gradient methods have been used in chromatographic 

systems with varying UV detection wavelengths.  

3.1.6 Investigations of the physicochemical compatibility of sildenafil with 

commonly used NICU drugs 

Physicochemical compatibility of IV sildenafil has been reported in literature for a 

limited number of drugs. The study of AlSalman et al. [94], has established the 

physical and chemical compatibility of sildenafil with commonly administered 

infusions in the paediatric and neonatal intensive care setting. This study evaluated the 

chemical and physical compatibility of binary and multiple combinations of sildenafil 

(800 µg/mL) with adrenaline (60 µg/mL), noradrenaline (60 µg/mL), milrinone (200 

µg/mL), vasopressin (0.4 units/mL) and heparin (100 units/mL). These were tested 

using three diluents (NS, D5W and D10W). Prior to physicochemical testing of drug 

combinations, HPLC methods were developed to quantify each selected drug. The 

chromatographic separation of sildenafil was achieved using a Kinetex 5 μm C18 100 

Å (150×4.6 mm) column, a mobile phase of acetonitrile and ammonium acetate buffer 

(pH 7) (1:1 volume ratio), a flow rate of 1 mL/min and a 20 μL injection volume. The 

detection wavelength of sildenafil was 280 nm. Individual HPLC assays were 
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developed to quantify the concentrations of secondary test drugs in the mixtures. 

Binary and multiple drug mixtures of sildenafil were examined, combining sildenafil 

with the secondary drug solution to be tested in a 1:1 volume ratio for a contact time 

of 24 hours. Visual inspection for precipitation, particulate matter, haze, gas formation 

and change in colour was performed to evaluate physical compatibility of the drug 

combinations. To complement the visual inspection, turbidity measurements were 

performed for physical compatibility testing. Chemical compatibility was evaluated 

by taking pH measurements and performing drug concentration evaluation using the 

developed HPLC methods. Incompatibility in this study was defined as a change in 

mean pH by >0.5 units from the initial pH value, or a change in concentration >10% 

from initial concentration,  as per ICH guidelines [161]. All binary or multi drug 

combinations containing heparin were deemed incompatible. Of those drug 

combinations not containing heparin, all were deemed compatible apart from the five-

drug mix of sildenafil, milrinone, vasopressin, noradrenaline, adrenaline at 37°C, in 

D10W.  

The stability of sildenafil in combination with heparin and dopamine was studied by 

Luu et al. [106], using a stability indicating HPLC assay. The chromatographic 

separation was performed using a C18 column, an isocratic mobile phase of 60% of 0.2 

M ammonium acetate (pH 6.8) and 40% acetonitrile at a flow rate of 0.2 mL/min. The 

column temperature was 40°C. The method was applied to the investigation of 

sildenafil alone, sildenafil with heparin, sildenafil with dopamine, and sildenafil with 

heparin and with dopamine, all in D5W injection at room temperature and under 

refrigeration for 30 days. The mixing ratio was not 1:1 as in AlSalman et al. [94], 

however, the final concentrations of sildenafil, heparin and dopamine in the binary 

admixtures were 400 µg/mL, 1 unit/mL and 1.6 mg/mL, respectively. The study 



100 

 

concluded that sildenafil prepared in D5W injection alone, with heparin, and with 

dopamine retained over 90% potency after 30 days of storage at room temperature and 

under refrigeration. The triple combination of sildenafil, heparin and dopamine had a 

potency of <90% after 3 days of storage at room temperature and 21 days of storage 

under refrigeration. The study was undertaken to support the clinical decision of 

considering the likelihood of IV sildenafil being administered with other common 

medications (heparin and dopamine) in patients undergoing treatment for PAH. 

Against this background, the objective of the present study was to investigate the 

physicochemical compatibility of sildenafil with a range of NICU drugs, at higher end 

concentrations, clinically relevant concentrations, and with a selection of 2-in-1 PN 

solutions.  

3.2 Materials and methods 

Sildenafil (sildenafil citrate; C22H30N6O4S.C6H8O7; MW 666.7; Certified Reference 

Material), was purchased from Sigma-Aldrich Chemicals, St Louis, MO, USA. HPLC 

grade acetonitrile was from Fisher Scientific, Fair Lawn, NJ, USA. All other laboratory 

chemicals were of analytical grade. All parenteral medications and solutions were of 

clinical grade (see Table 3.1 for the list of medications and manufacturers). The 

composition of the 2-in-1 PN solutions is provided in Table 3.2. 
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Table 3.1 Manufacturers/ suppliers of injectable products used for compatibility 

studies 

Injectable drug Manufacturer/ supplier Lot No 

Aciclovir  Pfizer Australia Pty Ltd, Sydney, NSW, Australia FT1848AA 

Alprostadil  Pfizer Australia Pty Ltd, Sydney, NSW, Australia FD6386 

Amoxicillin  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia IC02KH 

Amphotericin B - 

Fungizone  

Neon Healthcare Ltd, Mill Studio Business Centre, Ware, UK 28631TB21 

Amphotericin B - 

Liposomal  

Gilead Sciences Pty Ltd, St Kilda Road, Melbourne, VIC, 

Australia 

028780 

Ampicillin  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 0P03AY 

Benzylpenicillin  Seqirus (Australia) Pty Ltd, Melbourne, VIC, Australia KT4974 

Caffeine base*  Perth Children’s Hospital, Nedlands, WA, Australia 6018 

Caffeine citrate  Phebra Pty Ltd, Lane Cove West, NSW, Australia 14806 

Calcium gluconate  Phebra Pty Ltd, Lane Cove West, NSW, Australia 14688 

Cefotaxime  Pfizer Australia Pty Ltd, Sydney, NSW, Australia G105HA0 

Ciprofloxacin  Aspen Pharmacare Australia Pty Ltd, St Leonards, NSW, 

Australia 

10597 

Clonidine  Medicianz Healthcare Pty Ltd, Melbourne, VIC, Australia CLA032 

Cloxacillin  Xion Pharmaceuticals Pty Ltd, Pune, India 101 

Dexmedetomidine  Accord Healthcare Pty Ltd, Melbourne, VIC, Australia M2110403 

Dobutamine  Pfizer Australia Pty Ltd, Sydney, NSW, Australia FY3034AA 

Dopamine  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia A21F3R 

Epinephrine  Aspen Pharmacare Australia Pty Ltd, St Leonards, NSW, 

Australia 

AS116A1 

Fentanyl citrate  Piramal Critical Care Pty Ltd, Chatswood, NSW, Australia HC5M 

Flucloxacillin  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 0X18HY 

Fluconazole Pfizer Australia Pty Ltd, Sydney, NSW, Australia B560704 

Furosemide  Baxter Health care Pty Ltd, Old Toongabbie, NSW, Australia B5E0004A 

Gentamicin  Pfizer Australia Pty Ltd, Sydney, NSW, Australia B785 

Heparin  Pfizer Australia Pty Ltd, Sydney, NSW, Australia 159049A 

Hydrocortisone  Pfizer Australia Pty Ltd, Sydney, NSW, Australia ER8089 

Ibuprofen  Seqirus (Australia) Pty Ltd, Melbourne, VIC, Australia 10098R 

Ibuprofen lysine  Prasco Laboratories, Commerce Ct, Mason, United States B215329 

Indometacin  Promedica SRL, Via Palermo, Parma, Italy 22906 

Insulin (Actrapid®)  Novo Nordisk Pharmaceuticals Pty Ltd, Baulkham Hills, NSW, 

Australia 

LR79K53 

Levetiracetam  Apotex Pty Ltd, Macquarie Park, NSW, Australia 275447 

Linezolid  Fresenius Kabi Australia Pty Ltd, Mount Kuring-gai, NSW, 

Australia 

15PDE270 

Meropenem Sun Pharma ANZ Pty Ltd, Macquarie Park, NSW, Australia DFC2162A 

Metronidazole  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 10221 

Midazolam  Pharmaco (Australia) Ltd, Gordon, NSW, Australia F0021F01 

Milrinone  Sanofi-Aventis Australia Pty Ltd, Macquarie Park, NSW, 

Australia 

J0496 

Morphine 

hydrochloride 

Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia A22A18 

Morphine sulfate  Pfizer Australia Pty Ltd, Sydney, NSW, Australia 212004 

Norepinephrine Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 208599 

Paracetamol B.Braun Australia Pty Ltd, Bella Vista, NSW, Australia 21436451 
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Injectable drug Manufacturer/ supplier Lot No 

Phenobarbitone Aspen Pharmacare Australia Pty Ltd, St Leonards, NSW, 

Australia 

042344 

Piperacillin/tazobactam Sandoz Pty Ltd, Macquarie Park, NSW, Australia LN1377 

Rifampicin  Sanofi-Aventis Australia Pty Ltd, Macquarie Park, NSW, 

Australia 

0J6511 

Sildenafil Viatris Australia Pty Ltd, Sydney, NSW, Australia B710506 

Sodium bicarbonate Phebra Pty Ltd, Lane Cove West, NSW, Australia 14924a 

Vancomycin  Hospira Australia Pty Ltd, Mulgrave, VIC, Australia J016913AA 

Vecuronium  Sun Pharma ANZ Pty Ltd, Macquarie Park, NSW, Australia HAC2372A 
*Caffeine base 10 mg/mL injection comprises caffeine, sodium chloride, hydrochloride acid and Water for 

Injection; the injection is isotonic and has a pH approximately 4.2 (AUSPMAN/ Perth Children’s Hospital)  

 

Table 3.2 Composition of the 2-in-1 PN solutions, manufactured at King Edward 

Memorial Hospital 

 PN 1 PN 2 PN 3 PN 4 PN 5 PN 6 

 Preterm A Preterm B Term Custom 1 Custom 2 Custom 3 

Amino acids (Primine), g/100mL 2.98 2.98 2.3 0.5 3.5 2.3 

Glucose, g/100mL  4.96 7.94 12 2 14 8 

Sodium, mmol/100mL 3.97 3.97 4 4 4 4 

Potassium, mmol/100mL 1.99 1.99 2 2 2 2 

Calcium, mmol/100mL 1.49 1.49 0.9 1.5 1.5 1.5 

Magnesium, mmol/100mL 0.25 0.25 0.25 0.25 0.25 0.25 

Phosphate, mmol/100mL 1.49 1.49 0.9 0.5 1.5 1.5 

Chloride, mmol/100mL 2 2 2.54 1.8 2.08 1.97 

Acetate, mmol/100mL 1.99 1.99 2.6 1.79 2.08 1.96 

Heparin, units/100mL 49.63 49.63 50 50 50 50 

Trace elements, mL/100mL 0.73 0.73 0.74 0.74 0.74 0.74 

 

3.2.1 Stability-indicating HPLC assay development and validation 

The Agilent 1200 series HPLC system comprised a binary pump with degasser, auto-

sampler, thermostated column oven and a dual wavelength UV detector (Agilent 

Technology, Waldbronn, Germany). Chemstation software (vRev. B.03.01.SR1; 

Agilent Technology) was used to acquire and process data. 
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A reversed phase HPLC column (Kinetex, 5µm, C18; 100 × 4.6 mm; Phenomenex, 

USA) was maintained at 30°C. The mobile phase was an isocratic mixture of 40% v/v 

acetonitrile and 60% v/v 50 mM potassium dihydrogen orthophosphate buffer (pH 6; 

HI 5221 pH Meter, Hanna Instruments, Rhode Island, USA). The flow rate and UV 

detector were 1 mL/min and 240 nm respectively. The injection volume was 5 µL, 

unless otherwise specified. 

The stability indicating HPLC method development was guided by previous studies 

[94, 106, 311], however, based on previous laboratory experience it was decided to 

use a phosphate buffer to achieve stable chromatography. The method was validated 

in accordance with the ICH guidelines on validation of analytical procedures [179]. 

Validation characteristics selected for investigation were specificity, linearity and 

range, accuracy, precision, and robustness. 

Specificity is the ability to detect the analyte in the presence of other components e.g., 

impurities, degradants, and matrix. Sildenafil 600 µg/mL was prepared by diluting 

sildenafil injection (Revatio; Viatris, Australia; Table 3.1) with D5W and exposed to 

forced degradation experiments with oxidative, acidic, alkali, heat and light stress 

conditions, to demonstrate the selectivity for sildenafil in the presence of other 

degradants.  

Oxidative stress: Sildenafil 600 µg/mL was mixed 1:1 with 20% v/v hydrogen 

peroxide (2 mL volume in 4 mL glass vials with impermeable caps, n=3), and stored 

in a stability chamber at 45°C (Fitoclima 600, Aralab, Rio de Mouro, Portugal). 

Samples (300 µL) were withdrawn at 0, 1, 2, 4 and 7 days and immediately frozen (-

80°C) to arrest further degradation, until assayed. At the time of assay, samples were 
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thawed at ambient temperature (22°C), vortex mixed, diluted 1-in-50 with water, then 

analysed by HPLC as described above (injection volume 20 µL).  

Acid stress: Sildenafil 600 µg/mL was mixed with 4 M hydrochloric acid (1:1 v/v; 2 

mL in 4 mL glass vials with impermeable caps, n=3), and stored at 45°C. Samples 

(300 µL) were withdrawn at 0, 1, 2, 4 and 7 days, neutralised with 4 M sodium 

hydroxide solution and immediately frozen (-80°C). At the time of assay, samples 

were thawed at ambient temperature (22°C), vortex mixed, diluted 1-in-50 with water, 

then analysed by HPLC as described above (injection volume 20 µL). 

Alkali stress: A similar process as described above for acid stress was followed, using 

4 M sodium hydroxide solution, and neutralisation with 4 M hydrochloric acid.  

Heat stress: Sildenafil 600 µg/mL was mixed with water (1:1 v/v; 2 mL in 4 mL glass 

vials with impermeable caps, n=3), and stored at 60°C (PURA 4 water bath, Julabo 

GmbH, Seelbach, Germany). Samples (500 µL) were withdrawn at 0 and 3 days, and 

immediately frozen (-80°C). At the time of assay, samples were thawed at ambient 

temperature (22°C), vortex mixed and analysed by HPLC as described above 

(injection volume 5 µL). 

Light stress: Sildenafil 600 µg/mL was mixed with water (1:1 v/v; 2 mL in 4 mL glass 

vials with impermeable caps, n=3), and exposed to light (laboratory fluorescent 

lighting 24/7 and normal daylight (indirect sunlight) for approximately 12 hours per 

day) at room temperature (22°C). Samples (500 µL) were withdrawn at 0 and 7 days, 

and frozen (-80°C). At the time of assay, samples were thawed, vortex mixed and 

analysed by HPLC as described above (injection volume 5 µL). 

To establish linearity and range for the HPLC assay, a calibration curve was 

constructed using sildenafil solutions at concentrations of 3, 10, 30, 100, 300 and 800 
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µg/mL (n=3). Calibration curve and analyte concentration data were analysed using 

Microsoft Excel (Version 2309 Build 16.0.16827.20166). The LOD and LLOQ were 

estimated as described in Chapter 1 (Section 1.2.4.3), where σ is the residual standard 

deviation of a regression line and S is the slope of the calibration curve [179]. LLOQ 

was confirmed by precision data.   

Accuracy and precision of the HPLC assay was evaluated at sildenafil concentrations 

of 600, 100, 10 and 2.9 (LLOQ) µg/mL (n=5) using the sildenafil reference standard 

and the commercial sildenafil injection diluted with D5W. The concentrations of the 

two series were compared (expressed as a fraction of the nominal concentration). Intra-

assay and inter-assay precision were determined by calculating %RSD for the same 

sildenafil concentrations. 

The robustness of an analytical procedure is a measure of its capacity to remain 

unaffected by small, but deliberate variations in method parameters and provides an 

indication of its reliability during normal usage. To evaluate robustness, sildenafil 100 

µg/mL samples (from sildenafil standard and commercial injection; n=5) were tested 

using minor changes to the standard method. Changes with respect to standard method 

parameters included flow rate (0.8 mL/min) and mobile phase composition 

(acetonitrile: buffer ratio 45:55). The accuracy of the modified methods was compared 

with the standard method. 

3.2.2 Preparation of samples for physical and chemical compatibility testing 

Sildenafil injection (800 µg/mL) was diluted using D5W to achieve clinically relevant 

concentrations of 60 and 600 µg/mL. The higher sildenafil concentration is consistent 

with a ‘high-end’ dosage regimen for infants ≥37 weeks gestational age, and the lower 

sildenafil concentration is consistent with a ‘low-end’ dosage regimen for pre-term 
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infants <37 weeks gestational age [39]. Secondary test drugs and 2-in-1 PN solutions 

were prepared/diluted in accordance with the manufacturer’s instructions or standard 

local neonatal clinical protocols at King Edward Memorial Hospital (KEMH) [39]. 

Drug concentrations were based on the recommendations for a patient weighing 2 kg. 

Medications that were originally contained in glass ampoules or required 

reconstitution were filtered immediately prior to mixing (33 mm × 0.22 µm 

Polyethersulfone (PES) membrane, Millex GP, Merck Millipore Ltd, Carrigtwohill, 

Co. Cork, Ireland). 

A panel of 45 drugs and 6 PN were selected and endorsed by clinical experts from 

KEMH. Five drugs were included in the study as positive (compatible; epinephrine, 

norepinephrine, milrinone and dopamine) and negative (incompatible; heparin) 

controls, and the remaining 40 drugs were previously untested against sildenafil. 

Epinephrine, norepinephrine, milrinone and dopamine were tested in the present study 

at different concentrations to previous reports [94, 106]. 

Drug combinations (sildenafil and the test drug or PN solution) were mixed at 1:1 (v/v) 

ratio, to simulate y-site administration, consistent with established methods [66, 94, 

246, 254, 313]. Drug preparation, mixing and testing were carried out at room 

temperature (22°C).  

The first stage of compatibility tests comprised a combination of sildenafil 600 µg/mL 

and the secondary drug at clinically relevant ‘high-end’ concentrations, consistent with 

the standard NICU protocols and expert advice. If incompatibility was detected, the 

drug combination was then tested using sildenafil 600 µg/mL and the secondary drug 

at a ‘low-end’ clinically relevant concentration, if applicable. The third and fourth 

stages of tests comprised sildenafil 60 µg/mL and the secondary drug at high- and low-
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end concentrations, respectively, as applicable. The ‘up to four-way’ combination 

design optimised the scope for clinically relevant information on incompatible 

combinations.  

Twelve 2 mL clear glass HPLC vials with impermeable screw cap lids were used for 

each binary combination of drugs/fluids and the respective control solutions. Sildenafil 

and secondary drug combinations, and the control samples were prepared as described 

below: 

• Set 1 – Sildenafil injection solution (0.4 mL of 60 or 600 µg/mL) and secondary 

test drug solution/fluid (0.4 mL); n=4. 

• Set 2 – Sildenafil injection solution (0.4 mL of 60 or 600 µg/mL) diluted with 

0.4 mL of the diluent of the secondary test drug (n=4) as the reference control 

solution for the purpose of visual comparison and HPLC assay of sildenafil 

concentration. For PN solutions, the diluent was D5W. 

• Set 3 – The test drug solution/fluid (0.4 mL) was diluted with 0.4 mL of D5W 

(n=4) for the purpose of visual comparison. 

3.2.3 Physical compatibility testing 

All vials were gently mixed and inspected with an unaided eye against a black and 

white background for any change in colour, haze, or precipitation. The observations 

were carried out at time 0 (immediately after mixing), 5, 15, 60 and 120 minutes. 

Samples were also observed under a polarized light viewer (Apollo I Liquid Viewer 

with a LED light source and 1.7 × Magnifier, Adelphi Manufacturing Company Ltd, 

United Kingdom) for any visible precipitation or particulate matter. Physical 

compatibility was based on the visual appearance of the drug combination (set 1) in 

comparison to control solutions (set 2 and 3). Any inconclusive observation was 



108 

 

confirmed by a second independent observer and all physical incompatibilities were 

photographed. If precipitation or particles were observed in the drug combination 

vials, an aliquot was examined under light microscopy (Leica MC190HD, 40 × 

magnification, Leica Microsystems (Switzerland) Ltd, CH – 9435, Heerbrugg, 

Switzerland). 

3.2.4 Chemical compatibility testing 

The HPLC assay was used to evaluate chemical compatibility if the combination was 

physically compatible. If any physical incompatibility was observed, such 

combinations were not chemically tested, to avoid contamination of the HPLC system. 

At 2 hours after mixing, the sildenafil concentration in the four vials of sildenafil plus 

test drug (set 1) was measured by HPLC and compared to the four sildenafil reference 

solution vials (set 2). The ratio of the mean peak areas was determined, and the 95% 

CI of the ratio was calculated using the confidence limits from a two-sided t-test (α = 

0.05; SigmaPlot V.15; Inpixon GmbH, Düsseldorf, Germany). Consistent with 

previous studies, incompatibility of sildenafil:drug combinations was defined as a ratio 

of the mean peak area outside the range of 90-110% [94, 106, 223, 226, 314].  

3.2.5 Physical compatibility testing of sildenafil with a lipid emulsion 

The IV lipid emulsion tested was SMOFlipid 20% (Fresenius Kabi Australia Pty Ltd, 

North Ryde, NSW, Australia) which comprises soybean oil 6%, medium chain 

triglycerides 6%, olive oil 5% and fish oil 3%. The emulsion (0.5 mL) was combined 

with sildenafil injection (600 and 60 µg/mL prepared in D5W) separately, at 1:1 

volume ratio, to simulate Y-site injection.  



109 

 

Mixing was carried out in 2 mL clear glass vials with screw cap lids, n=3, at room 

temperature (22°C). The vials were gently mixed and visually inspected at 0, 1 and 2 

hours for phase separation, change in colour, gas production or other visually 

observable changes. The droplet diameter of the lipid emulsion and emulsion/ fluid 

mixtures was determined at 0 and 2 hours after mixing using the Mastersizer 3000 

instrument (Malvern Instruments, Worcestershire, UK). Data capture included the 

volume-weighted MDD, the mass median diameter (MMD; Dv50 or d0.5) and the 

percentage of droplets in the following diameter bands: <0.01, 0.01-0.05, 0.05-0.1, 

0.1-0.2, 0.2-0.5, 0.5-1, 1-5, 5-30 and >30 μm. The formal criterion for compatible 

lipid/drug mixtures was MDD <0.5 μm (n≥3) [53, 93, 122, 315]. Data were analysed 

using Microsoft Excel (Version 2309 Build 16.0.16827.20166) and expressed as mean 

± SD unless otherwise indicated. 

Glucose 5% w/v was mixed with lipid emulsion using the same experimental 

procedure as described above, as negative controls. 

The Mastersizer’s particle size analysing method parameters were adopted from 

previously reported method [316]. As the refractive index of soybean oil, medium 

chain triglycerides and olive oil is 1.47, 1.45 and 1.46, respectively, a refractive index 

of 1.46 and a density of 0.95 was used. The dispersant was deionised water, sonicated 

to eliminate air bubbles. The stirrer speed in the wet dispersion unit was 1000 rpm and 

the validated absorption index was 0.003. 
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3.2.6 Evaluation of absorption/adsorption loss of sildenafil by syringe filters 

The compatibility of sildenafil injection with conventional syringe filters has not 

previously been reported, but is clinically relevant information, and was required for 

subsequent tests in the present study. Six types of syringe filters and two inline filters 

composed of different filter membranes (cellulose esters, nylon, polyvinylidene 

fluoride, polyethersulfone, polypropylene; Table 3.3) were tested to evaluate the 

absorption/adsorption loss of sildenafil during the process of filtration. 

Table 3.3 Syringe filter types tested, the membrane and mesh size description. 

Abbreviation Description Manufacturer/ Supplier 

RC Regenerated Cellulose, 15 mm diameter, 

0.2 µm membrane, non-sterile 

Phenomenex Australia Pty Ltd, 2 Chaplin 

Dr, Lane Cove West NSW 2066 

NY Nylon, 15 mm diameter, 0.2 µm 

membrane, non-sterile 

Phenomenex Australia Pty Ltd, 2 Chaplin 

Dr, Lane Cove West NSW 2066 

PVDF Polyvinylidene Fluoride, 15 mm 

diameter, 0.2 µm membrane, non-sterile 

Phenomenex Australia Pty Ltd, 2 Chaplin 

Dr, Lane Cove West NSW 2066 

PES Millex-GP, Polyethersulfone, 33 mm, 

0.22 µm membrane, sterile 

Merck Millipore Ltd., Tullagreen, 

Carrigtwohill, County Cork, Ireland 

MCE Millex-GS, Mixed cellulose esters, 33 

mm, 0.22 µm membrane, sterile 

Merck Millipore Ltd., Tullagreen, 

Carrigtwohill, County Cork, Ireland 

GHP Hydrophilic polypropylene 13 mm, 0.2 

µm membrane, non-sterile 

Pall Life Sciences 1 - 2 Wandarri Court, 

Cheltenham 3192, Melbourne, Australia 

Inline  Polyethersulfone, 0.2 µm membrane, 

sterile 

Pall Medical, Avenue de Tivoli 3, CH-

1700 Fribourg, Switzerland 

Inline lipid Lipid filter, 1.2 µm membrane, sterile Codan US Corporation, USA 

 

Sildenafil 60 µg/mL and 600 µg/mL solutions were used for filter testing and the drug 

recovery in the filtrate was determined by HPLC assay. The peak area values obtained 

with and without filtration were compared and data were reported as percent recovery 

according to the following formula:  
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Recovery of sildenafil (%)

=
sildenafil concentration (filtered;  peak area of the chromatogram)

sildenafil concentration of the unfiltered solution
 × 100 

A pilot test was carried out using the eight filter types (Table 3.3) and the two 

concentrations of sildenafil solution in D5W. Filtrate was collected as five separate, 

consecutive one-millilitre portions of solution to examine the influence of the volume 

of filtrate on the drug recovery. Testing was carried out in triplicate and a new filter 

unit was used for each sample. 

Based on the pilot study results, four filters were selected for further testing, due to the 

recovery data and/or clinical relevance of the filters: Nylon (NY, 15 mm × 0.2 µm); 

Millex-GP (PES, polyethersulfone, 33 mm × 0.22 µm); Millex-GS (MCE, mixed 

cellulose esters, 33 mm × 0.22 µm); Inline filter (polyethersulfone 25 mm × 0.2 µm). 

Sildenafil commercial injection solution (60 and 600 µg/mL in D5W) was tested in a 

similar manner using a test volume of 4 mL (n=3). 

3.3 Results 

3.3.1 HPLC method validation 

The HPLC chromatograms revealed the sildenafil peak was well resolved from the 

solvent and degradation product peaks in all stress conditions tested (Figure 3.3-3.7). 

Sildenafil eluted at approximately 4.2 minutes whereas all degradation products eluted 

at less than 3 minutes. Oxidation of sildenafil resulted in the most extensive 

degradation profile, with a loss of 14.9% at the 7th day of exposure. Degradation 

products were detected at 1.5, 1.7 and 2.9 min (Figure 3.3). Alkali degradation of 

sildenafil was found to be 11.4% at the 7th day of exposure, with one degradation 
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product detected at 0.9 min (Figure 3.4). Exposure of sildenafil to acid (Figure 3.5), 

heat (Figure 3.6) and light (Figure 3.7) showed no detectable degradation peaks, with 

post exposure sildenafil drug concentrations of 98.5%, 103.6% and 99.2% 

respectively. 

 

 

Figure 3.3 Sildenafil 600 µg/mL exposure to 20% v/v hydrogen peroxide (1:1 v/v), 

stored at 45°C; Sample diluted 1-in-50 with water at the point of assay; injection 

volume 20 µL. (− Time 0; − Day 7); Degradation products were detected at 1.5, 1.7 and 

2.9 min, at Day 7 
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Figure 3.4 Sildenafil 600 µg/mL exposure to 4 M NaOH (1:1 v/v), stored at 45°C; 

Sample neutralized with 4 M HCl and diluted 1-in-50 with water at the point of assay; 

Injection volume 20 µL. (− Time 0; − Day 7); A degradation product was detected 0.9 

min, at Day 7 

 

Figure 3.5 Sildenafil 600 µg/mL exposure to 4 M HCl (1:1 v/v), stored at 45°C; 

Sample neutralized with 4 M NaOH and diluted 1-in-50 with water at the point of 

assay; Injection volume 20 µL. (− Time 0; − Day 7); No degradation products observed 
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Figure 3.6 Sildenafil 600 µg/mL in water (1:1 v/v) exposure to heat at a 

temperature of 60°C in a water bath; Injection volume 5 µL (− Time 0; − Day 3); No 

degradation products observed 

 

Figure 3.7 Sildenafil 600 µg/mL in water (1:1 v/v) exposure to laboratory 

fluorescent lighting 24/7 and normal daylight (indirect sunlight) for approximately 12 

hours per day at 22°C (room temperature); Injection volume 5 µL; (− Time 0; − Day 7); 

No degradation products observed 
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The assay was linear for sildenafil in aqueous solution (n=3) within the concentration 

range 3-800 µg/mL (r2 > 0.999) (Figure 3.8). The LOD and LLOQ for sildenafil were 

0.96 and 2.9 µg/mL respectively.  

 

Figure 3.8 Linearity curve for sildenafil solution in aqueous solution within the 

concentration range 3-800 µg/mL (n=3); Correlation coefficient (r2) >0.999; Regression 

equation Y = 14.86x – 10.036 
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The HPLC method was accurate and precise according to standard definitions [179], 

with accuracy 100-105% for all samples and precision <4.2% for inter- and intra-assay 

samples (Table 3.4). 

Table 3.4 Accuracy, intra-assay and inter-assay precision data for selected 

sildenafil concentrations 

Sildenafil 

concentration 

(µg/mL); n = 5 

Sildenafil concentration as 

a % of nominal 

concentration (Mean ± SD, 

n=5) 

Intra assay-precision 

(% RSD) 

Inter-assay precision 

(% RSD pooled) 

LLOQ (2.9) 100.2 ± 2.5 2.2 4.2 

10 104.0 ± 0.8 3.1 2.0 

100 104.6 ± 0.5 0.7 0.6 

600 104.0 ± 0.4 0.3 0.3 

 

The percentage concentrations of sildenafil in robustness testing experiment revealed 

that the method was robust despite small deliberate changes in method parameters 

(Table 3.5).  

Table 3.5 Robustness test results for deliberate changes in method parameters 

Parameters Conditions Sildenafil concentration as a % of nominal 

concentration (Mean ± SD, n=5) 

Flow rate 1 mL/min 105.1 ± 1.0 

0.8 mL/min 105.1 ± 1.1 

Mobile phase composition 

(Acetonitrile: Buffer) 

40:60 105.1 ± 1.0 

45:55 105.2 ± 1.0 
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3.3.2 Sildenafil compatibility 

3.3.2.1 Sildenafil 600 µg/mL 

Sildenafil 600 µg/mL was physically and chemically compatible with 29 of the 45 

drugs tested at ‘high-end’ clinical concentrations in the present study: alprostadil, 

liposomal amphotericin, benzylpenicillin, caffeine (base), caffeine citrate, cefotaxime, 

ciprofloxacin, clonidine, cloxacillin, dexmedetomidine, dobutamine, dopamine, 

epinephrine, fentanyl, fluconazole, gentamicin, insulin, levetiracetam, linezolid, 

metronidazole, midazolam, milrinone, morphine hydrochloride, morphine sulfate, 

norepinephrine, paracetamol, piperacillin/tazobactam, vancomycin and vecuronium 

(Table 3.6). However, sildenafil 600 µg/mL was physically incompatible with 16 

drugs and all six 2-in-1 PN solutions, with precipitates and haziness occurring almost 

immediately (Table 3.6). In the first series of re-testing sildenafil 600 µg/mL with 

secondary drugs at lower, clinically relevant concentrations, three of the combinations 

were found to be compatible (calcium gluconate 50 mg/mL; heparin 2 units/mL; 

hydrocortisone 1 mg/mL; Table 3.6). Amoxicillin (100 mg/mL and 50 mg/mL), 

ampicillin (100 mg/mL and 50 mg/mL) and meropenem (50 mg/mL and 25 mg/mL) 

were incompatible with sildenafil 600 µg/mL (Table 3.6). All physical 

incompatibilities were visible to the naked eye, except for the combination with 

calcium gluconate (100 mg/mL) which required polarized light for clear visualisation. 

Photographs of incompatible drug combinations and their corresponding 

photomicrographs can be found in Appendix 5.  
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Table 3.6 Physicochemical compatibility of sildenafil 600 µg/mL with secondary 

drugs and 2-in-1 PN solutions (see Table 3.2) 

Secondary drug Test concentration Diluent P/C SIL ratio 95% CI of ratio 

Aciclovir 5 mg/mL D5W Ia - - 

Alprostadil 20 µg/mL NS C 99.9 99.4 - 100.4 

Amoxicillin 100 mg/mL WFI Ib - - 

Amoxicillin 50 mg/mL WFI Ib - - 

Amphotericin (Fungizone) 100 µg/mL D5W Ib - - 

Amphotericin liposomal  2 mg/mL D5W C 99.9 99.0 - 100.8 

Ampicillin 100 mg/mL WFI Ib - - 

Ampicillin 50 mg/mL WFI Ib - - 

Benzylpenicillin 100 mg/mL WFI C 101.2 99.7 - 102.7 

Caffeine (base) 10 mg/mL U C 101.0 100.1 - 101.9 

Caffeine citrate 20 mg/mL U C 100.4 99.6 - 101.2 

Calcium gluconate 100 mg/mL U Ic - - 

Calcium gluconate 50 mg/mL NS C 100.0 99.1 - 100.8 

Cefotaxime 100 mg/mL WFI C 102.1 99.9 - 104.3 

Ciprofloxacin 2 mg/mL U C 101.3 100.3 - 102.2 

Clonidine 2 µg/mL NS C 99.7 99.1 – 100.4 

Cloxacillin 100 mg/mL WFI C 101.1 100.2 - 102.0 

Dexmedetomidine 1 µg/mL NS C 100.0 98.9 - 101.1 

Dobutamine hydrochloride 7.2 mg/mL NS C 99.9 99.1 - 100.7 

Dobutamine hydrochloride 7.2 mg/mL D5W C 100.4 99.5 - 101.3 

Dopamine 7.2 mg/mL NS C 100.5 99.9 - 101.0 

Dopamine 7.2 mg/mL D5W C 100.7 100.2 - 101.3 

Epinephrine 64 µg/mL D5W C 99.9 99.3 - 100.5 

Fentanyl 50 µg/mL U C 98.2 95.4 -100.9  

Flucloxacillin 50 mg/mL D5W Id - - 

Fluconazole 2 mg/mL U C 100.2 99.4 - 100.9 

Furosemide 1 mg/mL D5W Ib - - 

Furosemide 0.2 mg/mL D5W Ib - - 

Gentamicin 10 mg/mL WFI C 101.9 101.3 - 102.5 

Gentamicin 10 mg/mL NS C 102.2 100.4 - 104.0 

Heparin 100 units/mL NS Id - - 

Heparin 2 units/mL NS C 99.1 98.3 - 100.0 

Hydrocortisone 10 mg/mL NS Ia - - 

Hydrocortisone 1 mg/mL NS C 99.7 93.2 – 106.1 

Ibuprofen 5 mg/mL NS Ie - - 

Ibuprofen lysine 4 mg/mL NS Ie - - 

Indometacin  200 µg/mL NS Ie - - 

Insulin  0.2 units/mL NS C 100.5 98.6 - 102.4 

Levetiracetam 5 mg/mL NS C 99.7 98.8 - 100.6 

Linezolid 2 mg/mL U C 98.8 97.8 - 99.8 

Meropenem 50 mg/mL NS Ib - - 

Meropenem 25 mg/mL NS Ib - - 

Metronidazole 5 mg/mL U C 99.2 98.3 - 100.1 

Midazolam 1 mg/mL U C 100.3 99.9 - 100.8 

Midazolam 120 µg/mL NS C 99.9 98.6 - 101.2 

Midazolam 120 µg/mL D5W C 100.5 99.6 - 101.4 

Midazolam 500 µg/mL NS C 100.5 98.4 – 102.7 

Milrinone 400 µg/mL D5W C 100.5 99.5 - 101.4 

Morphine hydrochloride 200 µg/mL D5W C 100.4 99.6 - 101.2 

Morphine sulfate  200 µg/mL D5W C 99.9 99.4 - 100.3 

Norepinephrine 64 µg/mL D5W C 100.1 99.2 - 101.0 

Paracetamol 10 mg/mL U C 100.0 99.4 - 100.6 

Phenobarbitone 20 mg/mL WFI Ib - - 

Piperacillin/tazobactam 200 mg/mL WFI C 101.6 101.0 - 102.2 

Rifampicin  6 mg/mL NS If - - 

Sodium bicarbonate 4.2% w/v WFI Ib - - 
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Secondary drug Test concentration Diluent P/C SIL ratio 95% CI of ratio 

Vancomycin 10 mg/mL D5W C 100.4 99.4 - 101.4 

Vecuronium 1 mg/mL WFI C 101.4 100.7 - 102.1 

Parenteral nutrition PN 1 - - Ia - - 

Parenteral nutrition PN 2 - - Ia - - 

Parenteral nutrition PN 3 - - Ia - - 

Parenteral nutrition PN 4 - - Ia - - 

Parenteral nutrition PN 5 - - Ia - - 

Parenteral nutrition PN 6 - - Ia - - 
(P/C – Physicochemical compatibility; SIL – Sildenafil; C – Compatible; I – Incompatible; D5W – Glucose 5%; 

WFI – Water for Injection; NS – Normal Saline/ 0.9% Sodium chloride; U – Undiluted). a – A white precipitate 

appeared 5 – 10 minutes after mixing; b – A white precipitate appeared immediately after mixing; c – Particles 

observed under polarized light; d – A haze developed after mixing; e – A milky turbidity appeared immediately 

after mixing; f – A heavy precipitate appeared immediately after mixing – the colour couldn’t be determined as the 

solution is coloured. 

  

 

3.3.2.2 Sildenafil 60 µg/mL 

All drug and PN fluid combinations tested against sildenafil 60 µg/mL were physically 

compatible, except furosemide, meropenem and sodium bicarbonate (Table 3.7). The 

only combination shown to be physically compatible and chemically incompatible was 

ibuprofen. By contrast, sildenafil 60 µg/mL was compatible with ibuprofen lysine. 

Thirteen drug combinations with sildenafil 60 µg/mL, including the six PN solutions, 

resulted in sildenafil ratios >102% (Table 3.7). These combinations were re-tested, 

after filtering the combinations and control samples using nylon filters (Table 3.8). 

Apart from aciclovir and rifampicin (which were classified as compatible), all re-tested 

combinations of sildenafil with secondary drugs and PN solutions produced a 

significantly lower sildenafil ratio after filtration. The sildenafil ratio (filtered) was in 

the range of 90-110% for amoxicillin, ampicillin, phenobarbitone and three PN 

solutions; hence these combinations also were classified as compatible (Table 3.8). 

However, as the sildenafil ratio (filtered) was <90% for amphotericin, flucloxacillin 

and three PN solutions, possibly due to a sub-visible precipitate being filtered by the 
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nylon filters (personal communication, C Locher & EKY Tang), these combinations 

were classified as incompatible (Table 3.8). 

Table 3.7 Physicochemical compatibility of secondary drugs and 2-in-1 PN 

solutions tested with sildenafil 60 µg/mL, their concentrations, and diluents. 

Secondary drug Test concentration Diluent P/C SIL 

ratio 

95% CI of ratio 

Aciclovir 5 mg/mL D5W R 105.8 105.2 - 106.4 

Amoxicillin 100 mg/mL WFI R 105.9 105.4 - 106.4 

Amphotericin (Fungizone) 100 µg/mL D5W R 104.2 102.8 - 105.7 

Ampicillin 100 mg/mL WFI R 105.8 105.0 - 106.5 

Flucloxacillin 50 mg/mL D5W R 105.7 104.9 - 106.5 

Furosemide 1 mg/mL D5W Ia - - 

Furosemide 0.2 mg/mL D5W Ib - - 

Heparin 100 units/mL NS C 99.3 98.7 - 99.9 

Hydrocortisone 10 mg/mL NS C 99.8 99.5 - 100.0 

Hydrocortisone 1 mg/mL NS C 99.8 99.3 - 100.3 

Ibuprofen 5 mg/mL NS I 74.0 72.9 - 75.1 

Ibuprofen lysine 4 mg/mL NS C 99.4 98.9 - 99.9 

Indometacin  200 µg/mL NS C 99.1 98.7 - 99.5 

Meropenem 50 mg/mL NS Ib - - 

Meropenem 25 mg/mL NS Ib - - 

Phenobarbitone 20 mg/mL WFI R 104.3 103.1 - 105.6 

Rifampicin  6 mg/mL NS R 102.4 101.5 - 103.3 

Sodium bicarbonate 4.2% w/v WFI Ic - - 

Sodium bicarbonate 4.2% w/v NS Ic - - 

Sodium bicarbonate 4.2% w/v D5W Ic - - 

Parenteral nutrition PN 1 - - R 103.9 103.3 - 104.6 

Parenteral nutrition PN 2 - - R 105.4 104.2 - 106.6 

Parenteral nutrition PN 3 - - R 105.7 104.9 - 106.4 

Parenteral nutrition PN 4 - - R 104.8 103.8 - 105.9 

Parenteral nutrition PN 5 - - R 105.5 104.8 - 106.2 

Parenteral nutrition PN 6 - - R 106.6 105.3 - 107.8 
(P/C – Physicochemical compatibility; SIL – Sildenafil; C – Compatible; I – Incompatible; R - Re-test by filtration 

(see Table 3); D5W – Glucose 5%; WFI – Water for Injection; NS – Normal Saline/ 0.9% Sodium chloride; U - 

Undiluted). Bold SIL ratio shows chemical incompatibility. a – A white precipitate appeared 1 hour after mixing; 

b - Particles observed under polarized light; c - A haze developed after mixing 
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Table 3.8 Re-testing of drug combinations with sildenafil 60 µg/mL in which the SIL ratio (Table 3.7) was > 102%. Combinations were 

considered compatible if the sildenafil filtered ratio was in the range of 90-110% (nylon filters; see Methods for further details). 

Secondary drug Test 

concentration 

SIL ratio 

(Unfiltered) 

95% CI of ratio  

(Unfiltered) 

SIL ratio  

(Filtered) 

95% CI of ratio  

(Filtered) 

P/C 

Aciclovir 5 mg/mL 107.1 106.3 - 108.0 106.1 104.2 - 108.0 C 

Amoxicillin 100 mg/mL 105.9 103.6 - 108.1 98.3 95.4 - 101.3 C 

Amphotericin (Fungizone) 100 µg/mL 105.8 104.8 - 106.8 78.3 75.1 - 81.5 I 

Ampicillin 100 mg/mL 102.6 100.0 - 105.2 94.4 92.2 - 96.5 C 

Flucloxacillin 50 mg/mL 106.1 104.4 - 107.9 84.9 82.0 - 87.8 I 

Phenobarbitone 20 mg/mL 102.8 100.8 - 104.8 95.5 92.7 - 98.3 C 

Rifampicin  6 mg/mL 102.7 100.5 - 104.8  108.6 106.0 - 111.2 C 

Parenteral nutrition PN 1 - 107.0 106.0 - 108.1 87.5 86.5 - 88.6 I 

Parenteral nutrition PN 2 - 105.5 104.6 - 106.3 91.2 89.3 - 93.2 C 

Parenteral nutrition PN 3 - 105.9 105.1 - 106.7 94.1 92.0 - 96.1 C 

Parenteral nutrition PN 4 - 106.9 106.1 - 107.6 77.9 72.4 - 83.5 I 

Parenteral nutrition PN 5 - 105.8 105.1 - 106.6 94.0 92.5 - 95.5 C 

Parenteral nutrition PN 6 - 106.2 105.1 - 107.4 88.9 87.2 - 90.6 I 
(SIL – Sildenafil; P/C - Physicochemical compatibility; C – Compatible; I – Incompatible) 
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3.3.3 Physical compatibility of sildenafil with lipid emulsion 

Sildenafil (600 and 60 µg/mL) were compatible with the lipid emulsion, with the 

MDDs of the combinations being, 0.313 and 0.311 µm respectively (Table 3.9), for 2 

hours since mixing.  

Table 3.9 Mean and median droplet diameter data (MDD and Dv50, respectively) 

at 0 and 2 hours after mixing combinations of lipid emulsion and IV drugs/fluids 

Fluid/Drug Concentration MDD 0 hours 

(µm) 

MDD 2 hours 

(µm) 

Dv50 0 hours 

(µm) 

Dv50 2 hours 

(µm) 

SMOFlipid 20% - 0.304 ± 0.007 - 0.290 ± 0.008 - 

Glucose  5% w/v 0.310 ± 0.005 0.312 ± 0.001 0.296 ± 0.006 0.299 ± 0.001 

Sildenafil 600 µg/mL 0.312 ± 0.004 0.313 ± 0.001 0.298 ± 0.004 0.299 ± 0.001 

Sildenafil 60 µg/mL 0.312 ± 0.002 0.311 ± 0.002 0.298 ± 0.002 0.298 ± 0.002 

Data are mean ± SD of n=3  

 

There was no visual evidence of incompatibility, and no particles of > 1 µm were 

detected in the size distribution plots of volume density (%) against droplet (particle) 

size (µm) of each of the combinations of sildenafil (600 and 60 µg/mL) with 

SMOFlipid (20%), both immediately and 2 hours after mixing (size distribution plots 

can be found in Appendix 6).  
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3.3.4 Absorption/adsorption loss of sildenafil by filter material 

The pilot study using eight filters and 5 mL sildenafil solution showed the lowest drug 

recovery was in the first millilitre of the filtrate in all filters studied. For sildenafil 600 

µg/mL solution, the first millilitre had a drug recovery >90% in all filters tested (Figure 

3.9). In the second to fifth millilitres, drug recovery was >98%. However, for sildenafil 

60 µg/mL solution, only the nylon, polypropylene and inline ‘lipid’ filters showed a 

drug recovery of >90% in the first millilitre of the filtrate. All filter types showed a 

drug recovery >94% in the remainder of the sildenafil 60 µg/mL filtrate (Figure 3.10).  

 

Figure 3.9 Recovery (%) of sildenafil by different filters using the 600 µg/mL 

solution (n=3); The coloured bars represent the recovery in five separate, consecutive 

millilitre portions – pilot study 
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Figure 3.10 Recovery (%) of sildenafil by different filters using the 60 µg/mL 

solution (n=3); The coloured bars represent the recovery in five separate, consecutive 

millilitre portions – pilot study 

  



125 

 

The filter test results obtained using the sildenafil commercial injection solution (600 

µg/mL) revealed that all filter types tested (NY, PES, MCE and Inline PES) showed a 

drug recovery >90% in the first millilitre of the filtrate (Figure 3.11). One way 

ANOVA results showed a statistically significant difference in drug recovery in the 

first millilitre compared to the remainder of the filtrate (P <0.05).  

 

Figure 3.11 Recovery (%) of sildenafil 600 µg/mL injection solution from sterilising 

filters. Sildenafil concentration was determined from each of four successive millilitres 

of solution passed through the filters ( nylon;  polyethersulfone;  mixed cellulose 

esters;  inline polyethersulfone; see Table 3.3 for further details). Data are mean ± SD 

(n=3). 
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However, in the sildenafil 60 µg/mL solution PES, MCE and Inline filters showed a 

drug recovery <80% in the first millilitre of the filtrate (Figure 3.12). The drug 

recovery was >97% in all millilitre portions of the filtrate when the nylon filters were 

used and no statistically significant difference in drug recovery was observed between 

any millilitre portions. The first millilitre of the filtrate had a statistically significantly 

lower drug recovery (P <0.05) than the remaining filtrate in all other filters used. 

 

Figure 3.12 Recovery (%) of sildenafil 60 µg/mL injection solution from sterilising 

filters. Sildenafil concentration was determined from each of four successive millilitres 

of solution passed through the filters ( nylon;  polyethersulfone;  mixed cellulose 

esters;  inline polyethersulfone; see Table 3.3 for further details). Data are mean ± SD 

(n=3) 
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3.4 Discussion  

The degradation experiments of sildenafil by exposure to peroxide, alkali, acid, heat 

and light conditions demonstrated that the most extensive degradation profile, with a 

loss of 14.9% of sildenafil was upon exposure to peroxide for 7 days. Similarly, a 

previous report has shown that oxidation of sildenafil using 3% hydrogen peroxide 

resulted in the most remarkable degradation profile, however, the drug loss was 

reported to be higher than that observed in the present study (with a loss of 14% after 

24 hours and a total drug loss of 49% after five days of sampling) [106]. Exposure of 

sildenafil to sodium hydroxide (0.1 M) resulted in a decrease in concentration of 11% 

within the first 24 hours, and minimal subsequent degradation. The sildenafil 

concentration was 14% lower than the initial concentration after five days of exposure. 

Exposure of sildenafil to 0.1 M perchloric acid resulted in minimal degradation within 

the first 24 hours (1%) and has not exceeded 10% loss until six days of exposure had 

passed [106].  

In the present study, the percentage reduction of sildenafil upon exposure to alkali was 

11.4% at the 7th day of sampling, however, acid, heat and light resulted in minimal or 

no degradation of sildenafil. The results of these forced-degradation experiments align 

with those reported in literature, with sildenafil being relatively stable in acidic and 

basic environments but resulting in comparatively higher degradation by oxidation 

[106, 311]. 

The present study has demonstrated that 29 IV drugs at ‘high-end’ clinically relevant 

concentrations for NICU settings were physically and chemically compatible with 

sildenafil 600 µg/mL injection (Table 3.6). None of these drugs were tested at lower 
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concentrations or against sildenafil 60 µg/mL in the present study; rather, it was 

concluded that lower drug concentrations also would be compatible.  

Sixteen of the secondary drugs (at their standard or high-end clinically relevant 

concentration) and all six 2-in-1 PN solutions were physically incompatible with 

sildenafil 600 µg/mL (Table 3.6). Nine of these 16 drugs were evaluated at only one 

relevant concentration and subsequently tested against sildenafil 60 µg/mL. A further 

four were evaluated at lower, clinically relevant concentrations and found to be 

physically incompatible (amoxicillin, ampicillin, furosemide, meropenem); hence, 13 

of the 45 IV drugs were deemed incompatible with sildenafil 600 µg/mL at 

concentrations relevant to NICU settings. However, three drugs were found to be 

compatible with sildenafil 600 µg/mL at low concentrations (calcium gluconate 50 

mg/mL, heparin 2 units/mL and hydrocortisone 1 mg/mL; Table 3.6) and could be co-

administered at these lower, clinically relevant concentrations if required. The results 

for heparin align with previous data indicating that heparin was incompatible at higher 

concentration (100 units/mL) [94] and compatible at a lower concentration (1 unit/mL) 

[106]. Furthermore, the calcium gluconate concentration used for urgent correction of 

hypocalcaemia is 50 mg/mL [39] and this concentration was found to be 

physicochemically compatible with sildenafil 600 µg/mL. Hence, calcium gluconate 

was not tested with sildenafil 60 µg/mL. 

Fifteen drugs and the six 2-in-1 PN solutions were tested against the lower sildenafil 

concentration of 60 µg/mL, which is used in preterm infants [304]. Four drugs showed 

physical and chemical compatibility, three were physically incompatible and one 

(ibuprofen) was chemically incompatible (Table 3.7). The remaining seven drugs and 

the PN solutions were found to have sildenafil ratios >102%. Although there was no 
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visible or microscopic evidence of precipitation (including Tyndall beam and 

magnified polarised light observation), unpublished data suggesting sub-visible 

precipitates for other drug combinations (personal communication, C Locher & EKY 

Tang) were available. Therefore, a series of filter validation studies were conducted, 

which identified 0.2 µm nylon filters as the most suitable, and these combinations were 

investigated before and after filtering (Table 3.8). Based on pre-determined criteria for 

the 90-110% sildenafil ratio (filtered), it was concluded that aciclovir, amoxicillin, 

ampicillin, phenobarbitone and rifampicin were compatible with sildenafil 60 µg/mL, 

but amphotericin and flucloxacillin were incompatible. Three of the PN solutions also 

were classified as compatible; however, there were no notable features of these three 

formulations (#2, #3 and #5) compared to the incompatible formulations and further 

investigation of this finding was beyond the scope of the present study. 

Physical incompatibilities in the present study ranged from florid precipitation to hazy 

fluids and potential sub-visible precipitation (Appendix 5). The former were generally 

visible to the naked eye, where the limit of detection is approximately 100 µm for 

discrete particles and 10 µm for hazy or cloudy fluids [317], the observation of which 

may be enhanced by polarised light [96] or Tyndall beam [220]. Sub-visible particles 

in the order of 1-2 µm also may be detected by the visual enhancement techniques or 

light microscopy; however, it has been postulated that incompatible drug combinations 

could cause nano- or micro-precipitation, ostensibly <1 µm (personal communication, 

C Locher & EKY Tang). In the present study, sub-detectable precipitation may explain 

the substantially lower sildenafil ratio after 0.2 µm filtration for amphotericin, 

flucloxacillin and three PN solutions. Although the clinical impact of injection of 

particulate matter <1 µm is unclear, the pre-determined criteria for the sildenafil ratio 
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(outside the range of 90-110%) was applied in the present study to define incompatible 

drug combinations and recommend avoidance in NICU clinical settings. 

Based on the visual observation and particle size analysis (MDD data), sildenafil 600 

and 60 µg/mL were physically compatible with the lipid emulsion tested.  

The present study included some limitations that are consistent with previous 

investigations of physicochemical compatibility. For example, due to the resource 

constraints and unclear interpretation or clinical significance of pH changes [32], 

determination of pH was not performed (the volume of drug solutions required for pH 

determination would be >5 mL). Further, introducing a wet pH probe to the 

consecutive samples may reduce the drug concentration and produce false results. As 

pH changes may contribute to chemical reaction [53] or altered drug solubility [237], 

the use of HPLC analysis in the present physicochemical study would likely counter 

the need for pH analysis. Another potential issue was conducting HPLC analysis only 

for the primary drug (sildenafil). This is consistent with previous IV physicochemical 

compatibility studies where a large number of secondary drugs have been tested [217, 

222, 236, 238]. However, there are some reports where both the primary and secondary 

drugs have been assayed, typically in studies where a modest range of secondary drugs 

have been tested [94, 223, 246]. HPLC analysis of both the primary and secondary IV 

drugs would have significant cost and complexity implications, to ensure validated 

HPLC assays were developed for each secondary drug. Consequently, it was assumed 

that physicochemical incompatibility would cause a decline in the concentration of 

both IV drugs and be detected by HPLC assay of the primary drug. Nevertheless, there 

may be situations where quantifying the secondary drug concentration is of potential 
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value, if chemical incompatibility is suspected or inconclusive results require further 

investigation. 

A potential limitation related to clinical interpretation of the present study was the drug 

combination contact time of 2 hours, which was based on a previous report that 60 

minutes was a plausible maximum contact time for two drug solutions in the IV tubing 

from the Y-site to the tip of a cannula in NICU settings [109]. By comparison, a 4-

hour study duration is commonly used for drug compatibility studies and may be 

applicable to other clinical settings [66, 84, 246, 254, 264, 313, 318-320]. A further 

clinical consideration is that the present study and most IV compatibility re-search has 

been conducted at room temperature [84, 212, 264, 318, 319], which is comparable to 

the ambient temperature in the majority of clinical settings, including NICU. However, 

whilst the IV drugs in syringes (or other delivery devices) and a proportion of the IV 

tubing in NICU will most likely be at room temperature, part of the IV tubing may be 

inside a humidicrib up to 37°C and some recent IV compatibility studies have been 

conducted at elevated temperature to simulate the humidicrib environment [94, 116]. 

It should be emphasised that the compatibility data generated are specific to the 

formulations and batches tested. Results may vary upon different formulations and 

excipients used by manufacturers.  

3.5. Conclusion 

Sildenafil 600 µg/mL was physicochemically compatible with approximately 70% of 

the 45 clinically relevant IV drugs used in NICU settings that were tested in the present 

study. A further seven drugs were compatible with sildenafil 60 µg/mL. Six drugs 

(amphotericin, flucloxacillin, furosemide, ibuprofen, meropenem and sodium 
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bicarbonate) were incompatible with sildenafil and should not be co-administered via 

Y-site infusions. Six 2-in-1 PN solutions were incompatible with sildenafil 600 

µg/mL; however, three appeared to be compatible with sildenafil 60 µg/mL and three 

were deemed incompatible. Sildenafil solution was compatible with nylon syringe 

filters; however, absorption/adsorption loss from the first millilitre of filtrate occurred 

with polyethersulfone and cellulose ester filters, which should be avoided for small 

volumes and/or low concentrations of sildenafil solution.  

  



133 

 

Chapter 4  

Physicochemical compatibility of caffeine citrate and 

caffeine base injections with parenteral medications used 

in neonatal intensive care settings 

4.1 Introduction and background 

4.1.1 Methylxanthines and caffeine  

Caffeine is a purine alkaloid and is among the most widely consumed psychostimulant 

drugs in the world [321]. Structurally, caffeine (1,3,7-trimethylxanthine) is closely 

related to the other natural xanthines, theobromine, theophylline, and paraxanthine and 

to many crucial endogenous molecules such as the purine bases, adenine and guanine 

(Figure 4.1).  

 

Figure 4.1 Chemical structure of caffeine and other xanthines: theobromine; 

theophylline; paraxanthine; adenine and guanine. 

 



134 

 

4.1.2 Mechanism of action of caffeine and other methylxanthines in neonatal 

apnoea  

By definition, apnoea of prematurity (AOP), is a transient cessation of breathing which 

may be accompanied by bradycardia and oxygen desaturation and is common in 

premature infants [322]. The central pathophysiology of AOP, is thought to be the 

inability of the respiratory control mechanisms to respond to changes in partial 

pressures of oxygen and carbon dioxide, secondary to the immaturity of the central 

nervous system in neonates [323]. The American Academy of Paediatrics Task Force 

on Prolonged Infantile Apnoea defines pathological AOP as cessation of breathing for 

at least 20 seconds, or as a briefer episode of apnoea accompanied by bradycardia, 

cyanosis, and pallor [324]. The physiologic consequences of apnoea include effects on 

haemodynamics, ventilation, and oxygenation, which might be harmful to the infant. 

Prolonged apnoea (>20 seconds’ duration) can lead to long hypoxaemia which may 

adversely affect neurodevelopment, leading to brain lesions, and even sudden death if 

untreated [325, 326]. 

Since the 1970s to date, methylxanthines have been the mainstay of treatment of AOP. 

The two most used agents are caffeine and theophylline [327].  

Methylxanthines act both centrally and peripherally to stimulate medullary respiratory 

centres, increase carbon dioxide sensitivity, induce bronchodilation, and enhance 

diaphragmatic function. These actions improve ventilation and reduce hypoxic 

respiratory depression [327, 328]. Theophylline is known to increase tidal volume by 

increasing the inspiratory drive in preterm infants [328]. 

Studies have proven that methylxanthines (including caffeine and theophylline) 

reduced both the number of apnoea events and the necessity of mechanical ventilation 
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in premature infants. Further, caffeine was associated with improved long-term clinical 

outcomes and minimal toxicity due its pharmacokinetic properties [329-332].  

4.1.3 Pharmacokinetics of caffeine 

In humans, caffeine and related methylxanthines cross all biological membranes and 

distribute in body fluids without accumulating in tissues and organs. In adults, caffeine 

is extensively metabolized by the liver to dimethylxanthines, paraxanthine, 

theophylline, and theobromine [333-335], and less than 2% of caffeine is excreted 

unchanged in urine [336]. However, in newborns, 85% of caffeine administered is 

excreted unchanged in the urine, hence, plasma clearance is extremely slow, and half-

life is prolonged in the preterm newborn [337]. Theophylline has a prolonged plasma 

elimination in preterm newborns (t½-30 h) [338], however for caffeine, it’s even longer 

(t½-102 h) [339]. 

Caffeine has a wide therapeutic index in preterm newborns, therefore, plasma caffeine 

monitoring is not necessary for standard dosing regimens but may be useful if caffeine 

exceeds standard doses [340]. The therapeutic range is reported to be 5-20 mg/L, and 

toxicity is relatively rare and typically reversible at plasma caffeine concentrations 

below 50 mg/L [341]. Furthermore, available evidence suggests that plasma caffeine 

concentrations as high as 90 mg/L were tolerated by preterm newborns with only 

transient adverse effects [339, 342-344]. In contrast, theophylline has a narrow 

therapeutic index in newborns, with a therapeutic plasma level of (5-12 mg/L) and 

toxicity beginning at (13-15 mg/L) [345]. 
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4.1.4 Oral and IV administration of caffeine 

Caffeine is rapidly absorbed when given orally with complete bioavailability following 

oral dosing  and switching between parenteral and oral administration requires no dose 

adjustments [340]. Caffeine in its pure anhydrous form is extremely bitter and is not 

as tolerable as the citrate salt when given orally. Caffeine citrate contains anhydrous 

citric acid and 50% anhydrous caffeine base; therefore, the dose of caffeine base is 

approximately half that of caffeine citrate.  

The routine dose for caffeine citrate for AOP, comprises a loading dose of 20 mg/kg 

(10 mg/kg of caffeine base) followed by a daily maintenance dose of 5 mg/kg [346]. 

However, higher doses have been used by different neonatal centres and alternative 

options of loading doses up to 80 mg/kg (caffeine citrate) and maintenance doses of 

up to 20 mg/kg (once daily) for neonates up to 34 weeks post menstrual age, are 

recommended [347].  

4.1.5 Use of caffeine in neonatal intensive care settings, and its co-

administration with other drugs 

Clinical benefits of caffeine such as reduced plasma concentration monitoring and 

dosing frequency, proven efficacy and safety by clinical studies, therapeutic 

superiority in comparison to theophylline [329, 348], have led to its worldwide 

popularity for treatment of neonatal apnoea. Caffeine’s beneficial effects on neonatal 

morbidities [349] and improved long-term outcomes [350-354] have been well 

demonstrated, and hence, caffeine has established its place as ‘the silver bullet’ in 

neonatal therapeutics [354].  
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As caffeine is one of the most prescribed drugs in the NICU settings, it may be co-

administered with other neonatal IV medications. Therefore, physicochemical 

compatibility of caffeine with other NICU medications is an important clinical 

consideration, as outlined in Chapter 1; section 1.1. 

4.1.6 Physical and chemical compatibility of caffeine with other NICU drugs 

Compatibility information available in the literature, for caffeine citrate, is mostly 

limited to physical compatibility, where conclusions are made depending on visually 

observable changes and particle count testing [274, 275]. Mitchell and Gailey, in 1999 

[275], have evaluated the visual compatibility of caffeine citrate (20 mg/mL) with 29 

NICU medications, given intravenously. During testing, the secondary test drug was 

mixed with caffeine citrate at a 1:1 volume ratio, to simulate Y-site injection. Each 

combination was tested in duplicate. Upon mixing, the combination was gently 

swirled, and visually inspected under both normal fluorescent and high intensity 

lighting conditions, against a black and white background, with the aid of a magnifying 

glass, at 25°C. The observations were carried out by two independent observers to 

confirm reproducibility of results. The combination samples were visually observed 

immediately after mixing and at time intervals of 5, 15, 30 minutes, 1 hour and 4 hours, 

for any evidence of haze, precipitation, change in colour and gas production. Of the 

tested secondary medications, 24 were physically compatible with caffeine citrate, 

with no visually observable changes during the testing period of 4 hours. However, 

aciclovir, furosemide, lorazepam, oxacillin, and nitroglycerine were physically 

incompatible, at the concentrations tested. Aciclovir and furosemide gave an 

immediate precipitate, lorazepam an immediate haziness, and oxacillin and 

nitroglycerine gave an immediate cloudy appearance, upon mixing with caffeine 
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citrate. The authors concluded that as the concentration of the five medications found 

to be visually incompatible with caffeine citrate exceeded normal neonatal 

concentrations, incompatibilities may not have been visualized at lower clinically 

acceptable concentrations. Further, flushing with at least twice with the priming 

volume between infusions of the incompatible medications was recommended. In 

addition, the authors have highlighted that visual compatibility observed for drug 

combinations is not evidence of full potency or chemical stability, hence, further 

studies are required to determine the chemical stability of caffeine citrate in such drug 

combinations.   

In 2016, the study conducted by Audet et al. [274], (published in French) evaluated 

the physical compatibility of caffeine citrate injection with 99 other drugs, when 

administered in Y-sites. In this study, caffeine citrate (20 mg/mL) was combined at a 

1:1 volume ratio with 99 undiluted injectable drugs at room temperature. Each 

combination was carried out twice. The first was visually observed and a light 

obscuration particle count test was carried out immediately after mixing. These tests 

were repeated four hours after mixing using the second sample. To be considered 

physically compatible, the drug combination mixtures had to show no visually 

observable changes (i.e., precipitation, turbidity, crystals, gas formation and colour 

change) and had to meet the USP <788> 1.B specification (“injectable solutions 

supplied in a nominal volume of less than 100 mL pass the compatibility test if the 

number of particles present in the units tested per container does not exceed 6000 

particles larger than 10 µm, 600 particles over 25 µm”) [250] at both time zero and 

four hours after mixing. All drugs including caffeine citrate, were tested at their 

maximum initial or original concentration, to simulate the maximum level of risk of 

potential incompatibility. Of the 99 secondary drugs tested, 80 were found to be 
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compatible both visually with the unaided eye and according to the USP <788> 

requirements. Incompatibilities were observed in 19 drugs, and they were reported to 

be clearly visible. Amiodarone, ciprofloxacin, diazepam, dobutamine, dopamine, 

droperidone, erythromycin, hydroxyzine, lorazepam, midazolam, potassium 

phosphate, sodium phosphate and vancomycin were among the incompatible 

secondary drugs. Although 80 drug combinations were compatible, based on physical 

criteria, the authors did not guarantee the clinical efficacy of these combinations as no 

chemical compatibility testing was conducted.  

Chemical compatibility for caffeine citrate is limited to a few drugs as package insert 

stability data. These include, dopamine, fentanyl, heparin and calcium gluconate [27].  

Although no formal studies have been conducted to investigate physical or chemical 

compatibility of caffeine base injection with other drugs, stability of caffeine base 

injection in PN solutions, IV fluids and admixtures has been reported in literature. 

Nahata et al., in 1989 [355], investigated the stability of caffeine base (10 mg/mL) in 

multiple IV admixtures and PN solution, at room temperature for 24 hours. The IV 

admixtures included D5W; D5W with sodium chloride (NaCl) 0.2% w/v injection; 

D5W with NaCl 0.2% w/v and 20 mEq potassium chloride (KCl) injection; D10W 

injection; D10W with NaCl 0.2% w/v and 5 mEq KCl injection. The PN solutions 

studied were 1.1% amino acids with electrolytes; 2.2% amino acids with electrolytes; 

and 4.25% amino acids with electrolytes. Caffeine base injection was mixed with these 

admixtures and PN solutions in a 1:1 volume ratio. From each mixture, aliquots were 

removed at 0 (immediately after mixing), 2, 4, 8, and 24 hours after mixing and the 

caffeine concentrations were determined in each of the aliquots, using a stability 

indicating HPLC method. Caffeine concentrations did not change substantially in the 
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presence of IV admixtures and PN solutions, compared to the initial concentrations, 

hence caffeine base was considered stable in those solutions for 24 hours after mixing.  

Physical compatibility of caffeine citrate and caffeine base injection with an IV lipid 

emulsion used in NICU setting has been previously studied by Senarathna et al. [316]. 

The IV lipid emulsion studied was SMOFlipid 20% (Fresenius Kabi Australia Pty Ltd, 

North Ryde, NSW, Australia), which comprises soybean oil 6%, medium chain 

triglycerides 6%, olive oil 5% and fish oil 3%. Lipid emulsion and drug solutions were 

combined 1:1 in glass vials (to simulate Y-site injection), and visually inspected for 

physical incompatibility at 0, 1 and 2 hours, and assessed on the basis of lipid droplet 

size at 0 and 2 hours after mixing. The droplet diameter of the lipid emulsion and 

emulsion–fluid mixtures was measured by laser diffraction. Compatibility was 

concluded using the formal criterion of MDD<0.5 µm (n ≥ 3) for compatible lipid/drug 

mixtures [53, 93, 315]. The study concluded that caffeine base injection (10 mg/mL) 

was physically compatible with lipid emulsion, however, caffeine citrate (20 mg/mL) 

was incompatible [316]. 

Against this backdrop of evidence, the present study aimed to investigate the 

physicochemical compatibility of caffeine citrate and caffeine base injection with a 

range of NICU drugs, at higher end, clinically relevant concentrations, and with 

selected PN solutions. It would complement the currently available physical 

compatibility information for caffeine citrate injection. 

Further, to complement the physical compatibility findings of caffeine and lipid 

emulsions by Senarathna et al. [316], the present study aimed to test caffeine citrate 

injection at its lower clinically relevant concentration, for compatibility with the lipid 

emulsion.  
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In addition to the above objectives pertaining to compatibility, the study attempted to 

evaluate absorption/adsorption loss of caffeine by syringe filters. As this has not 

previously been reported, the findings would support the use of different types of filters 

in the clinical setting, prior to IV administration, as required.  

4.2 Materials and methods 

Caffeine (caffeine; C8H10N4O2; MW 194.19; certified reference material), was 

purchased from Sigma-Aldrich Chemicals, St Louis, MO63103, USA. HPLC grade 

acetonitrile was from Fisher Scientific, Fair Lawn, NJ, USA. All other laboratory 

chemicals were of analytical grade.  

Caffeine citrate undiluted injection (20 mg/mL; equivalent to 10 mg/mL of caffeine 

base) and caffeine base injection (10 mg/mL) were tested with the secondary drugs. 

Secondary drugs were prepared as per NICU drug administration guidelines of KEMH, 

using preferred diluents. Drug concentrations were based on the current standard 

infusion concentrations for a patient weighing 2 kg. In cases of drug incompatibility 

with caffeine citrate undiluted injection (20 mg/mL), compatibility was tested with 

caffeine citrate 10 mg/mL solution (diluted in Water for Injection; WFI), which is the 

recommended concentration for maintenance doses of caffeine [39].  

Caffeine citrate, caffeine base injection and all parenteral medications and solutions 

were of clinical grade (see Table 4.1 for the list of medications, manufacturers, and lot 

numbers). The composition of the PN solutions is provided in Table 4.2. 
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Table 4.1 Manufacturers/ suppliers of injectable products used for compatibility 

studies. 

Injectable drug Manufacturer/ supplier Lot No 

Aciclovir  Pfizer Australia Pty Ltd, Sydney, NSW, Australia FT1848AA 

Alprostadil  Pfizer Australia Pty Ltd, Sydney, NSW, Australia GE6112 

Amoxicillin  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 1C02KH 

Amphotericin B - Fungizone  XGen Pharmaceuticals DJB, NY 14814, United States AQ6316B 

Amphotericin B - Liposomal  Gilead Sciences Pty Ltd, St Kilda Road, Melbourne, VIC, 

Australia 

028780 

Ampicillin  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 2G05AH 

Benzylpenicillin  Seqirus (Australia) Pty Ltd, Melbourne, VIC, Australia KT4974 

Caffeine base*  Perth Children’s Hospital, Nedlands, WA, Australia  6599 

Caffeine citrate  Phebra Pty Ltd, Lane Cove West, NSW, Australia 15570 

Calcium gluconate  Phebra Pty Ltd, Lane Cove West, NSW, Australia 15652 

Cefotaxime  Pfizer Australia Pty Ltd, Sydney, NSW, Australia G101HA1 

Ciprofloxacin  Aspen Pharmacare Australia Pty Ltd, Leonards, NSW, 

Australia 

20599 

Clonidine  Medicianz Healthcare Pty Ltd, Melbourne, VIC, Australia CLA032 

Cloxacillin  SteriMax Inc, Oakville, ON L6H6R4, Canada 2220042CA 

Dexmedetomidine  Accord Healthcare Pty Ltd, Melbourne, VIC, Australia M2110403 

Dobutamine  Pfizer Australia Pty Ltd, Sydney, NSW, Australia FY3034AA 

Dopamine  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia A23M1M 

Epinephrine  Aspen Pharmacare Australia Pty Ltd, Leonards, NSW, 

Australia 

AS211A1 

Fentanyl citrate  Piramal Critical Care Pty Ltd, Chatswood, NSW, Australia 2307459 

Flucloxacillin  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 0X18HY 

Fluconazole Pfizer Australia Pty Ltd, Sydney, NSW, Australia B631209 

Furosemide  Baxter Health care Pty Ltd, Old Toongabbie, NSW, Australia B5E0004A 

Gentamicin  Pfizer Australia Pty Ltd, Sydney, NSW, Australia C297 

Heparin  Pfizer Australia Pty Ltd, Sydney, NSW, Australia 240014 

Hydrocortisone  Pfizer Australia Pty Ltd, Sydney, NSW, Australia ER8089 

Ibuprofen  Seqirus (Australia) Pty Ltd, Melbourne, VIC, Australia 10098R 

Ibuprofen lysine  Prasco Laboratories, Commerce Ct, Mason, United States B225248 

Indometacin  Promedica SRL, Via Palermo, Parma, Italy 22904 

Insulin  Novo Nordisk Pharmaceuticals Pty Ltd, Baulkham Hills, 

NSW, Australia  

LR79K53 

Levetiracetam  Apotex Pty Ltd, Macquarie Park, NSW, Australia 275447 

Linezolid  Fresenius Kabi Australia Pty Ltd, Mount Kuring-gai, NSW, 

Australia 

15RIA220 

Meropenem Sun Pharma ANZ Pty Ltd, Macquarie Park, NSW, Australia DFD4194A 

Metronidazole  Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 10221 

Midazolam  Pharmaco (Australia) Ltd, Gordon, NSW, Australia F0021F01 

Milrinone  Generic Health Pty Ltd, Box Hill, VIC, Australia F2061-01 

Morphine hydrochloride Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia A22A18 

Morphine sulfate  Pfizer Australia Pty Ltd, Sydney, NSW, Australia 212004 

Norepinephrine Juno Pharmaceuticals Pty Ltd, Cremorne, VIC, Australia 208599 

Paracetamol B.Braun Australia Pty Ltd, Bella Vista, NSW, Australia 22106450 

Phenobarbitone Aspen Pharmacare Australia Pty Ltd, Leonards, NSW, 

Australia 

042344 
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Injectable drug Manufacturer/ supplier Lot No 

Piperacillin/tazobactam Sandoz Pty Ltd, Macquarie Perk, NSW, Australia MX5674 

Rifampicin  Sanofi-Aventis Australia Pty Ltd, Macquarie Park, NSW, 

Australia 

0J05V1 

Sodium bicarbonate Phebra Pty Ltd, Lane Cove West, NSW, Australia 14924a 

Vancomycin  Alphapharm Pty Ltd, Carole Park, QLD, Australia 236393 

Vecuronium  Sun Pharma ANZ Pty Ltd, Macquarie Park, NSW, Australia HAD2861A 
*Caffeine base 10 mg/mL injection comprises caffeine, sodium chloride, hydrochloride acid and Water for 

Injection; the injection is isotonic and has a pH approximately 4.2 (AUSPMAN/ Perth Children’s Hospital) 

  

Table 4.2 Composition of the 2-in-1 PN solutions, manufactured at King Edward 

Memorial Hospital 

 
PN 1 PN 2 PN 3 PN 4 PN 5 PN 6 

 
Preterm A Preterm B Term Custom 1 Custom 2 Custom 3 

Amino acid g/100mL 2.7 2.7 2.3 0.5 3.5 2.3 

Glucose, g/100mL  5 8 12 2 14 8 

Sodium, mmol/100mL 4 4 4 4 4 4 

Potassium, mmol/100mL 2 2 2 2 2 2 

Calcium, mmol/100mL 1.5 1.5 0.9 1.5 1.5 1.5 

Phosphate, mmol/100mL 1.5 1.5 0.9 1.5 1.5 1.5 

Magnesium, mmol/100mL 0.25 0.25 0.25 0.25 0.25 0.25 

Acetate, mmol/100mL 2 2 2.56 1.79 2.08 1.96 

Chloride, mmol/100mL 2.01 2.01 2.57 1.8 2.08 1.97 

Trace elements, mL/100mL - - 0.74 0.74 0.74 0.74 

Heparin, units/100mL 50 50 50 50 50 50 

 

4.2.1 Stability indicating HPLC assay for chemical compatibility testing of 

caffeine 

The stability-indicating HPLC assay method developed by Oliphant et al. [356] was 

adapted for use in determination of caffeine concentration. An Apollo C18 HPLC 

column (150×4.6 mm, 5 μm; Hichrom Ltd, Berkshire, England) was used for 

chromatographic separation. The isocratic mobile phase comprised 85% water and 

15% acetonitrile v/v, pumped at a flow rate of 0.9 mL/min. The column oven 

temperature was maintained at 30°C and the injection volume was 1 μL. The UV 

detection wavelength was 273 nm.  
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The Agilent 1200 series HPLC system comprised a binary pump with degasser, auto-

sampler, thermostated column oven and a dual wavelength UV detector (Agilent 

Technology, Waldbronn, Germany). Chemstation software (vRev. B.03.01.SR1; 

Agilent Technology) was used to acquire and process data. 

The HPLC method was validated in accordance with the ICH guidelines [179] for the 

validation characteristics of linearity, accuracy, intra- and inter- assay precision, and 

robustness.  

To establish linearity and range for the HPLC assay, a calibration curve was 

constructed using caffeine solutions at concentrations of 1, 2, 3, 4, and 5 mg/mL (n=3). 

Calibration curve and analyte concentration data were analysed using Microsoft Excel 

(Version 2309 Build 16.0.16827.20166). The LOD and the LLOQ were estimated as 

previously described (Chapter 3; section 3.2.1). LLOQ was confirmed by precision 

data. 

Accuracy and precision of the HPLC assay was evaluated at caffeine concentrations 

of 5, 3, 1 and 0.2 (LLOQ) mg/mL (n=5) using the caffeine reference standard and the 

commercial caffeine citrate injection/ caffeine base injection diluted with water. The 

concentrations of the two series were compared (expressed as a fraction of the nominal 

concentration). Intra-run and inter-run precision were determined by calculating 

%RSD for the same caffeine concentrations. 

To evaluate robustness, caffeine 5 mg/mL (as caffeine base) samples (from caffeine 

standard, caffeine citrate commercial injection and caffeine base injection; n=5) were 

tested using slightly modified methods. Changes with respect to standard method 

parameters included flow rate (1.0 mL/min) and mobile phase composition (water: 
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acetonitrile 80:20). The accuracy of the modified methods was compared with the 

standard method.  

4.2.2 Preparation of samples for physicochemical compatibility testing  

Caffeine citrate and caffeine base injections were used undiluted (20 and 10 mg/mL 

concentrations respectively). Medications originally contained in glass ampoules and 

medications requiring reconstitution were filtered with a 0.22 µm syringe filter, before 

mixing (33 mm×0.22 µm Polyethersulfone (PES) membrane, Millex-GP, Merck 

Millipore Ltd, Tullagreen, Carrigtwohill, Co. Cork, Ireland). 

A total of 43 drugs and 6 PN solutions were selected and endorsed by clinical experts 

from KEMH. These included drugs which were previously tested for physical 

compatibility, as compatible/incompatible controls.  

Drug combinations were mixed at 1:1 (volume/volume) ratio, to simulate Y-site 

administration, consistent with previously established methods reported in literature 

[66, 246, 254, 274, 275, 313]. Drug preparation, mixing and testing were carried out 

at room temperature (22°C) and fluorescent laboratory lighting conditions.  

The first stage of compatibility testing comprised a combination of caffeine citrate 20 

mg/mL and caffeine base injection 10 mg/mL with the secondary drug at clinically 

relevant ‘high-end’ concentration consistent with NICU protocols and expert advice. 

If incompatibility was detected, the drug combination then tested using caffeine citrate 

10 mg/mL with the secondary drug at its ‘high-end’ concentration. If this combination 

also was also incompatible, the next set of testing comprised of caffeine citrate 20 

mg/mL with the secondary drug at its ‘low end’ concentration (if clinically applicable). 

Finally, the lower end caffeine concentration (caffeine citrate 10 mg/mL) was tested 
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with the secondary drug ‘lower-end’ concentration, if previous results indicated this 

could be relevant.  

Nine, 2 mL clear glass HPLC vials with impermeable screw cap lids were used for 

each binary combination of drugs/fluids and the respective control solutions. Caffeine 

citrate and secondary drug combinations, and the control samples were prepared as 

described below.  

Set 1 – Caffeine citrate injection solution (0.4 mL of 20 mg/mL) and secondary test 

drug solution (0.4 mL); n=3. 

Set 2 – Caffeine citrate injection solution (0.4 mL of 20 mg/mL) diluted with 0.4 mL 

of the diluent of the secondary test drug (n=3) as the reference control solution for the 

purpose of visual comparison and HPLC assay of caffeine concentration. For PN 

solutions, the diluent was D5W. 

Set 3 – The test drug solution (0.4 mL) was diluted with 0.4 mL of WFI (n=3) for the 

purpose of visual comparison. 

The same experimental procedure (described above) was followed for caffeine base 

injection (10 mg/mL) and conducted as a parallel experiment. 

4.2.3 Physical compatibility testing 

All vials with the above combinations were observed with an unaided eye against a 

black and white background for any change in colour, haze, precipitation, and 

evolution of gases. The observations were carried out at time 0 (immediately after 

mixing), 5, 15, 60 and 120 minutes. Further, at time 0 and after 2 hours, the samples 

were observed under a polarized light viewer (Apollo I Liquid Viewer with a LED 
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light source and 1.7× Magnifier, Adelphi Manufacturing Company Ltd, West Sussex, 

United Kingdom) for any visible precipitation or particulate matter.  

Physical incompatibility was based on the visual appearance in comparison to control 

solutions (set 2 and 3). Inconclusive observations were confirmed by a second 

independent observer and all physically incompatible combinations were 

photographed. If precipitation or particles were observed in the drug combination 

vials, an aliquot was examined under light microscopy (Leica MC190HD, 40 × 

magnification, Leica Microsystems (Switzerland) Ltd, CH-9435, Heerbrugg, 

Switzerland). 

4.2.4 Chemical compatibility testing  

If any physical incompatibility was observed (precipitates), such combinations were 

not subject to chemical compatibility testing, to avoid contamination of the HPLC 

system. Samples from set 1 and 2 of caffeine citrate compatibility experiment (at a 

nominal concentration of 10 mg/mL) and caffeine base injection compatibility 

experiment (at a nominal concentration of 5 mg/mL) were analysed by the validated 

HPLC after 2 hours of observation.  

The ratio of the mean peak areas was determined, and the 95% CI of the ratio was 

calculated using the confidence limits from a two-sided t-test (α=0.05; SigmaPlot V.15; 

Inpixon GmbH, Düsseldorf, Germany). Consistent with previous studies, 

incompatibility of caffeine:drug combinations was defined as a ratio of the mean peak 

area outside the range of 90-110% [223, 226, 314].  
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4.2.5 Physical compatibility testing of caffeine citrate and caffeine base 

injection with a lipid emulsion 

The IV lipid emulsion tested was SMOFlipid 20% (Fresenius Kabi Australia Pty Ltd, 

North Ryde, NSW, Australia), stated previously (Chapter 3; section 3.2.5). The 

emulsion (0.5 mL) was combined with caffeine citrate injection (20 & 10 mg/mL), and 

caffeine base injection (10 mg/mL) separately, at 1:1 volume ratio, to simulate Y-site 

injection.  

Mixing was carried out in 2 mL clear glass vials with screw cap lids, n=5, at room 

temperature (22°C). The vials were gently mixed and visually inspected at 0, 1 and 2 

hours for phase separation, change in colour, gas production or other visually 

observable changes. The droplet diameter of the lipid emulsion and emulsion/ fluid 

mixtures was determined at 0 and 2 hours after mixing using the Mastersizer 3000 

instrument (Malvern Instruments, Worcestershire, UK). Data capture included the 

MDD, the MMD (Dv50 or d0.5) and the percentage of droplets in the following 

diameter bands: <0.01, 0.01-0.05, 0.05-0.1, 0.1-0.2, 0.2-0.5, 0.5-1, 1-5, 5-30 and >30 

μm. The formal criterion for compatible lipid/drug mixtures was MDD <0.5 μm (n≥3) 

[53, 93, 122, 315]. Data were analysed using Microsoft Excel (Version 2309 Build 

16.0.16827.20166) and expressed as mean ± SD unless otherwise indicated. 

WFI and NS were mixed with lipid emulsion using the same experimental procedure 

as described above, as negative controls. Gentamicin 2 mg/mL and 10 mg/mL, which 

were previously reported to be incompatible with lipid emulsions [92], were used as 

positive controls.  

The Mastersizer’s particle size analysing method parameters were adopted from 

previously reported method [316]. As the refractive index of soybean oil, medium 

chain triglycerides and olive oil is 1.47, 1.45 and 1.46, respectively, a refractive index 
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of 1.46 and a density of 0.95 was used. The dispersant was deionised water, sonicated 

to eliminate air bubbles. The stirrer speed in the wet dispersion unit was 1000 rpm and 

the absorption index was 0.003.  

4.2.6 Evaluation of absorption/adsorption loss of caffeine by syringe filters 

Three types of syringe filters and one inline filter composed of different filter 

membranes (nylon, regenerated cellulose, and polyethersulfone; Table 4.3) were tested 

to evaluate the absorption/adsorption loss of caffeine during the process of filtration.  

Table 4.3 Syringe filter types tested, the membrane, mesh size description and 

manufacturer details 

Abbreviation Description Manufacturer/ Supplier 

NY Nylon, 15 mm diameter, 0.2 µm 

membrane, non-sterile 

Phenomenex Australia Pty Ltd, 2 Chaplin 

Dr, Lane Cove West NSW 2066 

RC Regenerated Cellulose, 15 mm diameter, 

0.2 µm membrane, non-sterile 

Phenomenex Australia Pty Ltd, 2 Chaplin 

Dr, Lane Cove West NSW 2066 

PES Millex-GP, Polyethersulfone, 33 mm, 

0.22 µm membrane, sterile 

Merck Millipore Ltd., Tullagreen, 

Carrigtwohill, County Cork, Ireland 

Inline  Polyethersulfone, 0.2 µm membrane, 

sterile 

Pall Medical, Avenue de Tivoli 3, CH-1700 

Fribourg, Switzerland 

 

Caffeine 10 mg/mL and 5 mg/mL solutions were used for filter testing and the drug 

recovery in the filtrate was determined by the validated HPLC assay. The peak area 

values obtained with and without filtration were compared and data were reported as 

percent caffeine recovery according to the formula previously described (Chapter 3, 

section 3.2.6). Filtrate was collected as five separate, consecutive one-millilitre 

portions of solution to examine the influence of the volume of filtrate on the drug 

recovery. Testing was carried out in triplicate and a new filter unit was used for each 

sample. 
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4.3 Results 

4.3.1 HPLC method validation 

Caffeine was detected by the HPLC method at 273 nm with a retention time of 

approximately 5.8 minutes (Figure 4.2).  

 

Figure 4.2 Chromatograms of caffeine standard 5 mg/mL (—), caffeine citrate 10 

mg/mL (—), caffeine base injection 5 mg/mL (—), a mixture of caffeine standard, 

caffeine citrate and caffeine base injection in aqueous solution (—); caffeine retention 

time approximately 5.8 minutes 
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The assay was linear for caffeine in aqueous solution (n=3) within the concentration 

range 1-5 mg/mL (r2 > 0.999) (Figure 4.3).  

 

Figure 4.3 Linearity curve for caffeine solution in aqueous solution within the 

concentration range 1-5 mg/mL (n=3); correlation coefficient (r2) > 0.999; regression 

equation Y=2907x+217.13 

 

The LOD and LLOQ for caffeine were 0.07 and 0.2 mg/mL respectively. The HPLC 

method was accurate and precise according to the standard definitions [179], with 

accuracy between 98-101.1% for all concentration levels and precision (as %RSD) ≤ 

1% for inter- and intra-assay samples (Table 4.4). 

Table 4.4 Accuracy, intra-assay, and inter-assay precision data for selected 

caffeine concentrations (caffeine citrate and caffeine base injection) 

Concentration 

(mg/mL); n=5 

Caffeine concentration 

as a % of nominal 

concentration (Mean ± 

SD, n=5) 

Intra assay-precision 

(% RSD) 

Inter-assay precision 

(% RSD pooled) 

Caffeine 

citrate 

Caffeine 

base 

Caffeine 

citrate 

Caffeine 

base 

Caffeine 

citrate 

Caffeine 

base 

LLOQ 99.3 ± 0.7 99.2 ± 0.1 0.5 0.4 0.4 0.5 

1 98.0 ± 0.8 101.1 ± 1.0 0.5 1.0 0.7 0.6 

3 98.0 ± 0.8 100.0 ± 1.5 0.4 0.3 0.4 0.4 

5 98.3 ± 0.4 99.4 ± 0.6 0.4 0.4 0.2 0.3 
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The percentage concentrations of caffeine in robustness testing experiment revealed 

that the method was robust despite deliberate small changes in method parameters 

(Table 4.5). 

Table 4.5 Robustness test results for deliberate changes in method parameters 

Parameters Conditions Caffeine concentration as a  

% of nominal concentration,  

in caffeine citrate injection  

(Mean ± SD, n=5) 

Caffeine concentration as a  

% of nominal concentration,  

in caffeine base injection  

(Mean ± SD, n=5) 

Flow rate 0.9 mL/min 98.3 ± 0.4 99.4 ± 0.6 

1.0 mL/min 98.9 ± 0.7 99.7 ± 0.4 

Mobile phase 

composition (water: 

acetonitrile) 

85:15 98.3 ± 0.4 99.4 ± 0.6 

80:20 99.2 ± 0.3 99.6 ± 0.6 

 

4.3.2 Physicochemical compatibility testing 

Six of the 43 secondary drugs tested (aciclovir, amphotericin (liposomal), furosemide, 

hydrocortisone, ibuprofen and ibuprofen lysine) were physically incompatible with 

caffeine citrate undiluted injection, at their high end clinically relevant concentrations. 

Two of the incompatible drugs were also tested at ‘low-end’ clinically relevant 

concentrations: hydrocortisone (1 mg/mL) was physicochemically compatible with 

caffeine citrate; however, furosemide (0.2 mg/mL) was physically incompatible (Table 

4.6). Photographs of physical incompatibilities can be found in Appendix 7. 
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Table 4.6 Physicochemical compatibility of caffeine citrate 20 mg/mL (10 mg/mL 

caffeine base) with secondary drugs 2-in-1 PN solutions (see Table 4.2 for details) 

Secondary drug Test concentration Diluent P/C CAF ratio 95% CI of ratio 

Aciclovir 5 mg/mL D5W Ia - - 

Alprostadil 20 µg/mL NS C 99.9 98.1 - 101.7 

Amoxicillin 100 mg/mL WFI C 99.9 99.1 - 100.8 

Amphotericin (Fungizone) 100 µg/mL D5W C 98.8 97.1 - 100.6 

Amphotericin liposomal  2 mg/mL D5W Ib - - 

Ampicillin 100 mg/mL WFI C 99.8 98.9 - 100.7 

Benzylpenicillin 100 mg/mL WFI C 100.6 99.4 - 101.7 

Calcium gluconate 100 mg/mL U C 99.5 98.2 - 100.9 

Cefotaxime 100 mg/mL WFI C 100.2 99.3 - 101.2 

Ciprofloxacin* 2 mg/mL U C 100.2 99.5 - 100.9 

Clonidine 2 µg/mL NS C 99.6 98.2 - 101.0 

Cloxacillin 100 mg/mL WFI C 100.1 98.2 - 101.9 

Dobutamine  7.2 mg/mL NS C 100.1 99.3 - 100.9 

Dobutamine  7.2 mg/mL D5W C 100.0 98.8 - 101.3 

Dopamine  7.2 mg/mL NS C 100.0 99.4 - 100.6 

Dopamine  7.2 mg/mL D5W C 100.6 99.3 - 101.8 

Dexmedetomidine 1 µg/mL NS C 99.7 98.4 - 101.1 

Epinephrine 64 µg/mL D5W C 100.1 99.5 - 100.7 

Fentanyl 50 µg/mL U C 99.8 98.7 - 101.0 

Flucloxacillin 50 mg/mL D5W C 99.2 96.9 - 101.5 

Fluconazole 2 mg/mL U C 99.5 98.6 - 100.5 

Furosemide 1 mg/mL D5W Ia - - 

Furosemide 0.2 mg/mL D5W Ic - - 

Gentamicin 10 mg/mL NS C 99.6 99.1 - 100.1 

Heparin 100 units/mL NS C 99.7 98.5 - 100.8 

Hydrocortisone 10 mg/mL NS Ia - - 

Hydrocortisone 1 mg/mL NS C 99.6 97.5 - 101.7 

Indometacin  200 µg/mL NS C 99.5 98.7 - 100.3 

Ibuprofen 5 mg/mL NS Id - - 

Ibuprofen lysine 4 mg/mL NS Id - - 

Insulin  0.2 units/mL NS C 99.7 98.8 - 100.6 

Levetiracetam 5 mg/mL NS C 99.5 99.0 - 100.0 

Linezolid 2 mg/mL U C 99.9 98.8 - 100.9 

Meropenem 50 mg/mL NS C 98.9 97.1 - 100.8 

Metronidazole 5 mg/mL U C 99.9 98.9 - 101.0 

Midazolam 1 mg/mL U C 99.5 97.8 - 101.3 

Milrinone 400 µg/mL D5W C 100.2 99.7 - 100.8 

Morphine hydrochloride 200 µg/mL D5W C 99.8 98.4 - 101.2 

Morphine sulfate 200 µg/mL D5W C 100.6 99.5 - 101.8 

Norepinephrine 64 µg/mL D5W C 100.3 99.7 - 101.0 

Paracetamol 10 mg/mL U C 100.2 99.3 - 101.1 

Phenobarbitone 20 mg/mL WFI C 99.8 99.0 - 100.6 

Piperacillin/tazobactam 200 mg/mL WFI C 99.8 98.8 - 100.7 

Rifampicin  6 mg/mL NS C 100.4 98.6 - 102.1 

Sodium bicarbonate 4.2% w/v D5W C 99.4 98.9 - 99.8 

Vancomycin 10 mg/mL D5W C 99.3 97.8 - 100.8 

Vecuronium 1 mg/mL WFI C 99.7 99.4 - 100.1 

Parenteral nutrition PN 1 - - C 99.2 97.7 - 100.8 

Parenteral nutrition PN 2 - - C 100.5 99.1 - 102.0 

Parenteral nutrition PN 3 - - C 99.6 98.9 - 100.2 

Parenteral nutrition PN 4 - - C 99.9 98.9 - 101.0 

Parenteral nutrition PN 5 - - C 100.5 99.4 - 101.6 

Parenteral nutrition PN 6 - - C 99.7 98.8 - 100.6 
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P/C – Physical compatibility; CAF - Caffeine; C – Compatible; I – Incompatible; D5W – Glucose 5%; WFI – 

Water for Injection; NS – Normal Saline/ 0.9% Sodium chloride; U – Undiluted; a – A white precipitate appeared 

10-15 minutes after mixing; b – A higher opacity observed in the combination samples in comparison to controls; 

c – Particles observed under polarized light after 30 minutes of mixing; d – a milky turbidity appeared 

immediately after mixing. * Ciprofloxacin was also tested at 4 hours to obtain a caffeine ratio of 99.6% and a 

95% CI of ratio 98.1-101.1%. 

 

All drugs which showed physical incompatibility with caffeine citrate undiluted 

injection, were also physically incompatible with caffeine citrate 10 mg/mL solution 

(Table 4.7).  

Table 4.7 Physicochemical compatibility of caffeine citrate 10 mg/mL (5 mg/mL 

caffeine base) with secondary drugs 

Secondary drug Test concentration Diluent P/C 

Aciclovir 5 mg/mL D5W Ia 

Amphotericin liposomal  2 mg/mL D5W Ib 

Furosemide 1 mg/mL D5W Ia 

Furosemide 0.2 mg/mL D5W Ic 

Hydrocortisone 10 mg/mL NS Ia 

Ibuprofen 5 mg/mL NS Id 

Ibuprofen lysine 4 mg/mL NS Id 

P/C – Physical compatibility; I – Incompatible; D5W – Glucose 5%; NS – Normal Saline/ 0.9% Sodium chloride; 

a – A white precipitate appeared 10-15 minutes after mixing; b – A higher opacity observed in the combination 

samples in comparison to controls; c – Particles observed under polarized light after 30 minutes of mixing; d – A 

milky turbidity appeared immediately after mixing 

 

All physical incompatibilities were visible to the unaided eye, except the combinations 

with furosemide 0.2 mg/mL, which required observation under polarized light. As 

amphotericin (liposomal) was originally a pale-yellow opaque solution, the 

incompatibility observed was an increase in the opacity in comparison to the control 

solutions (Photographs and photomicrographs of physically incompatible 

combinations can be found in Appendix 7). 

Further investigation of the incompatibility findings was conducted by mixing the six 

secondary drugs (separately, as described in section 4.2.2) with citrate buffer pH 4.5 

(citric acid monohydrate 5 mg/mL and sodium citrate dihydrate 8.3 mg/mL in water). 

The same physical incompatibility characteristics (precipitation/haze) were observed 
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with all six secondary drugs, therefore indicating the citrate buffer was the cause of 

the incompatibility with caffeine citrate injection. Photographs of physical 

incompatibilities of citrate butter and secondary drugs can be found in Appendix 8. 

In contrast to the caffeine citrate data, all 43 secondary drugs and 6 PN solutions tested 

were physicochemically compatible with caffeine base injection (Table 4.8), with no 

visually observable changes and caffeine ratios between 99.3-101.4% for all caffeine-

drug/PN combinations tested.  

To complement the above results, osmolality of the caffeine citrate 20 mg/mL and 

caffeine base 10 mg/mL injections was tested and found to be 142 and 269 mOsm/kg, 

respectively (Osmomat 030 Cryoscopic Osmometer; Gonotec GmbH, Berlin, 

Germany). By comparison, a recent report indicated that caffeine citrate 20 mg/mL 

oral solution had an osmolality of 150 mOsm/kg [357]. 

4.3.3 Physical compatibility of caffeine with lipid emulsion  

Caffeine citrate (20 & 10 mg/mL) and caffeine base were compatible with the lipid 

emulsion, with the MDDs of the combinations being, 0.310, 0.309 and 0.308 µm 

respectively (Table 4.9), for 2 hours since mixing. 
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Table 4.8 Physicochemical compatibility of caffeine base injection 10 mg/mL with 

secondary drugs 2-in-1 PN solutions 

Secondary drug Test concentration Diluent P/C CAF ratio 95% CI of ratio 

Aciclovir 5 mg/mL D5W C 99.9 98.4 - 101.4 

Alprostadil 20 µg/mL NS C 99.4 97.8 - 101.1 

Amoxicillin 100 mg/mL WFI C 100.3 99.6 - 100.9 

Amphotericin (Fungizone) 100 µg/mL D5W C 101.2 98.9 - 103.5 

Amphotericin liposomal  2 mg/mL D5W C 100.2 98.8 - 101.6 

Ampicillin 100 mg/mL WFI C 100.3 98.5 - 102.1 

Benzylpenicillin 100 mg/mL WFI C 100.2 98.7 - 101.6 

Calcium gluconate 100 mg/mL U C 100.3 99.1 - 101.5 

Cefotaxime 100 mg/mL WFI C 99.4 96.9 - 101.8 

Ciprofloxacin 2 mg/mL U C 99.7 99.1 - 100.3 

Clonidine 2 µg/mL NS C 99.6 98.2 - 101.1 

Cloxacillin 100 mg/mL WFI C 100.7 99.6 - 101.7 

Dobutamine  7.2 mg/mL NS C 100.8 98.4 - 103.2 

Dobutamine  7.2 mg/mL D5W C 100.0 99.2 - 100.8 

Dopamine  7.2 mg/mL NS C 100.6 99.6 - 101.5 

Dopamine  7.2 mg/mL D5W C 100.7 99.3 - 102.1 

Dexmedetomidine 1 µg/mL NS C 100.9 99.8 - 102.0 

Epinephrine 64 µg/mL D5W C 99.9 99.3 - 100.4 

Fentanyl 50 µg/mL U C 100.0 98.7 - 101.4 

Flucloxacillin 50 mg/mL D5W C 99.8 98.4 - 101.3 

Fluconazole 2 mg/mL U C 99.6 98.6 - 100.6 

Furosemide 1 mg/mL D5W C 100.4 99.2 - 101.7 

Gentamicin 10 mg/mL NS C 99.8 98.9 - 100.7 

Heparin 100 units/mL NS C 100.1 99.4 - 100.8 

Hydrocortisone 10 mg/mL NS C 100.6 99.2 - 101.9 

Indometacin  200 µg/mL NS C 100.4 99.6 - 101.2 

Ibuprofen 5 mg/mL NS C 99.8 98.5 - 101.2 

Ibuprofen lysine 4 mg/mL NS C 99.9 98.7 - 101.0 

Insulin  0.2 units/mL NS C 101.2 98.3 - 104.2 

Levetiracetam 5 mg/mL NS C 101.1 100.2 - 102.0 

Linezolid 2 mg/mL U C 100.4 97.8 - 103.0 

Meropenem 50 mg/mL NS C 99.8 98.8 - 100.7 

Metronidazole 5 mg/mL U C 100.4 99.5 - 101.3 

Midazolam 1 mg/mL U C 99.5 98.8 - 100.2 

Milrinone 400 µg/mL D5W C 99.4 98.2 - 100.5 

Morphine hydrochloride 200 µg/mL D5W C 99.9 98.8 - 101.0 

Morphine sulfate 200 µg/mL D5W C 99.6 98.3 - 101.0 

Norepinephrine 64 µg/mL D5W C 99.7 99.1 - 100.4 

Paracetamol 10 mg/mL U C 100.0 99.6 - 100.5 

Phenobarbitone 20 mg/mL WFI C 100.5 98.9 - 102.0 

Piperacillin/tazobactam 200 mg/mL WFI C 100.0 99.0 - 101.0 

Rifampicin  6 mg/mL NS C 101.4 99.1 - 103.6 

Sodium bicarbonate 4.2% w/v D5W C 99.3 98.4 - 100.3 

Vancomycin 10 mg/mL D5W C 99.9 98.1 - 101.6 

Vecuronium 1 mg/mL WFI C 100.3 98.6 - 102.0 

Parenteral nutrition PN 1 - - C 100.1 99.1 - 101.1 

Parenteral nutrition PN 2 - - C 100.3 98.2 - 102.4 

Parenteral nutrition PN 3 - - C 99.3 98.0 - 100.7 

Parenteral nutrition PN 4 - - C 99.7 98.2 - 101.2 

Parenteral nutrition PN 5 - - C 100.6 99.3 - 101.9 

Parenteral nutrition PN 6 - - C 99.3 97.6 - 101.1 

P/C - Physical compatibility; CAF - Caffeine; C – Compatible; D5W – Glucose 5%; WFI – Water for Injection; 

NS – Normal Saline/ 0.9% Sodium chloride; U – Undiluted. 
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Table 4.9 Mean and median droplet diameter data (MDD and Dv50, respectively) at 0 and 2 

hours after mixing combinations of lipid emulsion and IV drugs 

Fluid/Drug Concentration MDD 0 hours 

(µm) 

MDD 2 hours 

(µm) 

Dv50 0 hours 

(µm) 

Dv50 2 hours 

(µm) 

SMOFlipid 20% - 0.277 ± 0.004 - 0.257 ± 0.005 - 

Water for Injection - 0.310 ± 0.002 0.309 ± 0.001 0.294 ± 0.002 0.294 ± 0.002 

Sodium Chloride 0.9% w/v 0.307 ± 0.002 0.309 ± 0.003 0.291 ± 0.002 0.293 ± 0.004 

Caffeine citrate 20 mg/mL 0.309 ± 0.001 0.310 ± 0.003 0.293 ± 0.001 0.294 ± 0.003 

Caffeine citrate 10 mg/mL 0.300 ± 0.010 0.309 ± 0.001 0.281 ± 0.012 0.293 ± 0.001 

Caffeine (base) 10 mg/mL 0.307 ± 0.002 0.308 ± 0.000 0.291 ± 0.002 0.292 ± 0.001 

Gentamicin 2 mg/mL 0.391 ± 0.014 0.339 ± 0.029 0.255 ± 0.003 0.243 ± 0.009 

Gentamicin 10 mg/mL 10.8 ± 9.7 6.1 ± 8.5 0.564 ± 0.192 0.523 ± 0.237 

Data are mean ± SD of n=5 unless otherwise indicated. Results in bold indicate an incompatible combination. 

There was no visual evidence of incompatibility, and no particles of >1 µm were 

detected in the size distribution plots of volume density (%) against droplet (particle) 

size (µm) of each of the combinations of caffeine citrate (20 and 10 mg/mL) and 

caffeine base (10 mg/mL) injection with SMOFlipid (20%), both immediately and 2 

hours after mixing (size distribution plots can be found in Appendix 9; Figures 1 to 6).  

The MDD of the combination of gentamicin 2 mg/mL with the lipid emulsion was 

0.391 µm, immediately after mixing and 0.339 µm 2 hours after mixing (Table 4.9). 

However, droplets of >1 µm were detected in the particle size distribution (Appendix 

9; Figures 7 and 8).  

The combination of gentamicin 10 mg/mL with the lipid emulsion had a MDD of 

10.793 µm immediately after mixing and 6.114 µm, 2 hours after mixing (Table 4.9). 

Furthermore, particle size distribution showed particles or aggregates of particles 

between sizes (Appendix 9; Figures 9 and 10). Visually, the combination demonstrated 

phase separation after 2 hours of mixing.  

WFI and NS were compatible with the lipid emulsion based on the MDD (Table 4.9) 

and particle size distribution (Appendix 9; Figures 11 - 14).  



158 

 

4.3.4 Evaluation of absorption/adsorption loss of caffeine by syringe filters 

All filter types tested, showed a caffeine recovery of 99% in all millilitre portions of 

the filtrate, at both concentrations (10 and 5 mg/mL) (Figure 4.4 and 4.5).  

 

Figure 4.4 Recovery (%) of caffeine 10 mg/mL solution from syringe filters. 

Caffeine concentration was determined from each of four successive millilitres of 

solution passed through the filters ( nylon;  regenerated cellulose;  polyether 

sulfone;  inline polyether sulfone;). Data are mean ± SD (n=3). 
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Figure 4.5 Recovery (%) of caffeine 5 mg/mL solution from syringe filters. 

Caffeine concentration was determined from each of four successive millilitres of 

solution passed through the filters ( nylon;  regenerated cellulose;  polyether 

sulfone;  inline polyether sulfone;). Data are mean ± SD (n=3) 

 

4.4 Discussion 

The present study has shown that 37 IV drugs tested in a simulated Y-site study design 

at ‘high-end’, clinically relevant concentrations for NICU settings were physically and 

chemically compatible with caffeine citrate 20 mg/mL injection (Table 4.6). The 

apparent cause of the incompatibility of caffeine citrate injection with aciclovir, 

amphotericin (liposomal), furosemide, hydrocortisone, ibuprofen and ibuprofen lysine 

injections was found to be the citrate buffer component. By comparison, all 43 drugs 

were compatible with caffeine base 10 mg/mL injection (Table 4.8). Caffeine citrate 

and base injections were also compatible with six 2-in-1 PN solutions. 



160 

 

Although physical compatibility information for caffeine citrate with a range of IV 

drugs has been reported, a modest compilation of chemical compatibility data from 

manufacturers’ package inserts (for dopamine, fentanyl, heparin and calcium 

gluconate) is available in contemporary guidelines [27]. Consistent with these data, 

the present study demonstrated physicochemical compatibility of caffeine citrate 

injection with calcium gluconate, dopamine, fentanyl and heparin, albeit at different 

concentrations and/or experimental conditions. For example, a mixture of caffeine 

citrate 20 mg/mL and calcium gluconate 100 mg/mL was found to be physically 

compatible for 4 [274] and 24 hours [27] at room temperature, and chemically stable 

for 24 hours at room temperature [27]. These findings provide useful confirmation of 

our results that caffeine citrate and calcium gluconate injections were 

physicochemically compatible for 2 hours at room temperature. 

Heparin has previously been investigated at 1 unit/mL in D5W, 10 units/mL and 1000 

units/mL in combination with caffeine citrate and shown to be physically compatible 

[27, 274, 275]. The present study complements these reports by demonstrating that 

heparin 100 units/mL was physicochemically compatible with caffeine citrate, for 2 

hours at room temperature (Table 4.6). 

Fentanyl 10 µg/mL (in D5W) was reported to be compatible and stable with caffeine 

citrate for 24 hours at room temperature [27] and two studies have confirmed that 

fentanyl 50 µg/mL was physically compatible for 4 hours at room temperature [274, 

275]. Furthermore, meropenem 50 mg/mL was recently found to be physically 

compatible with caffeine citrate injection for 4 hours [251]. Hence, these results also 

provide assurance for the present study, whereby fentanyl 50 µg/mL and meropenem 

50 mg/mL separately were found to be physicochemically compatible with caffeine 

citrate injection (Table 4.6). 
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The present study also provides evidence of incompatibility between caffeine citrate 

injection (10 mg/mL and 20 mg/mL) and both ibuprofen (5 mg/mL) and ibuprofen 

lysine (4 mg/mL), the combinations of which resulted in turbidity immediately after 

mixing (Appendix 7). Although ibuprofen has not been studied previously for 

physicochemical compatibility, ibuprofen lysine 20 mg/mL was found to be physically 

incompatible due to milky white precipitation upon mixing [104]. 

A range of inconsistent caffeine citrate compatibility data have been reported, some of 

which may be concentration-dependent or related to the experimental procedures (e.g., 

duration of admixture or physical methods used to determine compatibility), or the 

composition of the IV drug formulation [274]. For example, dopamine 0.6 mg/mL (in 

D5W) was reported to be compatible and stable with caffeine citrate for 24 hours at 

room temperature [27], and a higher concentration (80 mg/mL) was found to be 

visually compatible for 4 hours at 25°C [275]. By contrast, Audet and colleagues [274] 

reported that dopamine 3.2 mg/mL was physically incompatible with caffeine citrate, 

due to a “yellowish tint” colour change immediately after mixing. However, in the 

present study, dopamine 7.2 mg/mL (in both D5W and NS) was physically and 

chemically compatible with caffeine citrate for 2 hours after mixing (Table 4.6). 

Furthermore, for direct comparison with the previous report [274], combinations of 

caffeine citrate 20 mg/mL injection with dopamine 3.2 and 1.2 mg/mL (in NS) were 

investigated and found no evidence of physicochemical incompatibility (physically 

compatible with no observed colour change and caffeine ratios of 99.4% and 99.1%, 

respectively).  

Conflicting data regarding the compatibility of caffeine citrate with furosemide 10 

mg/mL and aciclovir 50 mg/mL (separately) also have been reported, with one study 

finding the combinations were physically compatible [274], and an earlier study 
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indicating they were physically incompatible, due to immediate precipitation [275]. 

By comparison, the present study has shown that lower, clinically relevant 

concentrations of these drugs (furosemide 1 and 0.2 mg/mL, and aciclovir 5 mg/mL) 

were physically incompatible with caffeine citrate, as the combinations produced a 

white precipitate within 15 minutes of mixing (Table 4.6 and appendix 7). These results 

may indicate concentration-dependent physical incompatibility for mixtures of 

caffeine citrate and furosemide or aciclovir, which may be evaluated in clinical 

settings, on the basis of presence/absence of a visible white precipitate. 

In regard to amphotericin (liposomal) and hydrocortisone, at concentrations of 4 

mg/mL and 250 mg/mL respectively, Audet et al. [274] found these two drugs were 

physically compatible with caffeine citrate for 4 hours at room temperature. By 

contrast, results in the present study showed that amphotericin (liposomal) and 

hydrocortisone, at lower clinically relevant NICU concentrations (2 mg/mL and 10 

mg/mL respectively) were physically incompatible with caffeine citrate at 10 mg/mL 

(Table 4.7) and 20 mg/mL (Table 4.6). However, hydrocortisone at a concentration of 

only 1 mg/mL was physicochemically compatible with caffeine citrate 20 mg/mL 

(Table 4.6). This finding suggests the lower hydrocortisone IV infusion concentration 

(1 mg/mL) used in NICU settings may be safely co-administered with caffeine citrate 

through Y-sites, where required. 

Audet et al. [274] also reported that midazolam 5 mg/mL was physically incompatible 

with caffeine citrate, due to formation of a white precipitate at the time of mixing; 

however, the present study showed that a lower concentration (1 mg/mL) was 

physicochemically compatible with caffeine citrate (Table 4.6). 
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Further contradictory studies regarding vancomycin 50 mg/mL or dobutamine 12.5 

mg/mL mixed (separately) with caffeine citrate have reported the combinations to be 

physically compatible [275] and physically incompatible [274], resulting in white 

precipitate and colour change, respectively, at the time of mixing in the latter study. 

By comparison, the present study found that vancomycin and dobutamine, at the lower 

concentrations of 10 mg/mL and 7.2 mg/mL, respectively (in both D5W and NS), were 

physicochemically compatible with caffeine citrate 20 mg/mL. 

One directly conflicting result from the present study relates to the recent report that 

ciprofloxacin 2 mg/mL was physically incompatible with caffeine citrate 20 mg/mL 

due to crystal formation at 4 hours of mixing [274]. By contrast, data of the present 

study indicate the combination is physicochemically compatible for 2 hours at the 

same concentrations. Hence, to clarify this discrepancy and formally compare the 

present study with the previous report [274], the combination was tested at 4 hours of 

mixing and confirmed its physicochemical compatibility in the laboratory, with no 

physical evidence of precipitate or crystal formation and a caffeine concentration ratio 

(by HPLC) of 99.6% (Table 4.6). As outlined above, similar inexplicable discrepancies 

are evident in specific studies [274] and compendia [27], and may require prudent 

clinical judgement to avoid adverse clinical outcomes. 

Compared to the studies of caffeine citrate compatibility with IV drugs, there are no 

previous comprehensive physical or chemical compatibility studies of caffeine base 

injection with other drugs. However, the stability of caffeine base in a range of sodium 

chloride, potassium chloride and glucose IV solutions and PN fluids for up to 24 hours 

has been reported by Nahata et al. [355].  



164 

 

Furthermore, a study carried out to investigate physicochemical compatibility of 

pentoxifylline has confirmed that its physicochemically compatible with caffeine base 

injection [109]. 

Against this background, the present study found that caffeine base injection was 

physicochemically compatible with all 43 secondary drugs and the six PN solutions 

tested (Table 4.8). Hence, in the absence of commercial preparations, a locally 

prepared caffeine base injection may be a useful alternative to caffeine citrate injection 

for Y-site co-administration with otherwise incompatible IV drugs. 

Contradictory to the currently available evidence, caffeine citrate (at 20 mg/mL and 10 

mg/mL) was found to be compatible with the lipid emulsion for 2 hours after mixing 

(Table 4.9), based on the MDD & particle size distribution data [316]. Caffeine base 

was compatible with the lipid emulsion. WFI and NS were compatible, and gentamicin 

(at 2 mg/mL and 10 mg/mL) were found to be incompatible. These were consistent 

with the available reports [316].   

The limitations encountered in terms of compatibility testing procedures (e.g. drug 

combination contact time and exposure temperature) were similar as described in 

Chapter 3.  

As caffeine was compatible with all the filter types tested (NY, RC and PES), with a 

drug recovery of more than 99% at all filtrate volume levels, it gives health 

professionals reassurance that these filter membrane types can be used in the syringe 

filter process without a risk of drug loss. Furthermore, as the drug recovery was 

optimum regardless of the filtrate volume, filter priming prior to filtration by 

discarding the first millilitre is not necessary. This avoids drug solution wastage and is 

particularly advantageous for expensive drugs. In contrast, as discussed in Chapter 3, 
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filter priming was required for filtration process for sildenafil lower clinically relevant 

concentration in all types of filter membranes except for NY.  

4.5 Conclusion 

All secondary test drugs and PN solutions, except aciclovir, amphotericin (liposomal), 

furosemide, hydrocortisone, ibuprofen and ibuprofen lysine, were physicochemically 

compatible with caffeine citrate injection (20 mg/mL equivalent to caffeine base 10 

mg/mL), whereas caffeine base injection (10 mg/mL) was physicochemically 

compatible with all test drugs and PN solutions tested. Caffeine citrate (20 mg/mL & 

10 mg/mL) and caffeine base injection (10 mg/mL) solutions were physically 

compatible with the lipid emulsion. A caffeine recovery was more than 99% by all 

tested filters, at all filtrate volume levels at both caffeine (base) concentrations tested 

(10 and 5 mg/mL).  
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Chapter 5  

General conclusions and recommendations for future 

work 

Well-conducted systematic reviews and meta-analyses provide the highest level of 

evidence for informed decisions in policy and practice, hence methodological rigour 

of systematic reviews is an important aspect.  

The methodology utilized for the current systematic review composed of the SPIDER 

systematic review model, a broad search strategy to capture over 27,000 deduplicated 

articles and screening via the machine learning tool, Research Screener, to expedite 

the extraction of eligible articles.  

The search strategy involved several generic terms, and it was concluded that this 

requirement to include common terms may be a broader issue for systematic reviews 

in pharmaceutical sciences and other scientific disciplines. Hence, the iterative process 

in refining the search strategy of the pilot study was an important evaluation step in 

developing the systematic review, to maximize the capture of relevant references, and 

this course of action is highly recommended in future systematic reviews. The 

literature search and screening process were tested using a pilot study and assessment 

of inter-reviewer reliability. Many situations in the healthcare industry rely on multiple 

researchers/ reviewers, hence, the question of consistency, or agreement among the 

individuals collecting data immediately arises due to the variability among human 

observers. Well-designed research studies must therefore include procedures that 

measure agreement among the various individuals involved. 

Semi-automated machine learning tools such as Research Screener may then be 

utilized to efficiently screen the large sets of results (selected articles) of the search 

strategy, providing a manageable workload and confidence in the outcomes and 
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scientific rigor of the systematic review. In the present systematic review, all studies 

were extracted from <10% of the references available for screening, proving the value 

of machine learning screening tools in screening large databases from search strategies 

enabling efficient management of extracting articles for full-text review.  

Using English language as a limiter during data base searching resulted in a likelihood 

of overlooking key articles pertaining to the subject of interest, which are published in 

languages other than English. Hence, it is recommended to prudently use language 

limiters in database searching if English abstracts and translation resources are 

available.  

The systematic review concluded that there’s a clear trend in the past decade of a higher 

proportion of physicochemical studies, however, combined physicochemical 

compatibility data has been reported in <30% of published literature. Hence, there 

should be a higher focus on combined physicochemical compatibility studies in future 

research, to support clinical decisions.  

According to the systematic review results, it’s evident that well established NICU 

medications such as inotropes have very limited chemical compatibility data, hence 

future physicochemical compatibility studies are recommended for these medicines.  

Sildenafil, caffeine, alprostadil, morphine are of higher importance in the clinical 

setting due to their clinical indications and long duration infusions.  

Furthermore, future studies can be directed towards testing compatibility of a wide 

range of other drugs which were not investigated in the present study. These may 

include anti-cancer and anti-arrhythmic medications according to their use as IV 

infusions in the neonatal settings. Furthermore, diluents such as plasma-lyte 148, 

which is a calcium-free, balanced, crystalloid and isotonic IV fluid can be used, in 

addition to the commonly used NS and D5W. As plasma-lyte 148 has additional 
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benefits compared to NS and D5W such as reduced rates of hyponatraemia and 

seizures and has become a more viable alternative in paediatric medicine.  

Furthermore, future studies can include methodological improvements to 

contemporary Y-site compatibility studies, however, this would incur additional 

drug/consumable costs and time commitment. 

One such suggestion is simulation of higher humidicrib/incubator temperatures in 

addition to room temperature testing. Although compatibility testing at higher contact 

temperatures has been reported in previous studies, not all infants in NICU are in 

humidicribs and infants in other settings are usually in wards/units at room 

temperature. Furthermore, a proportion of the total length of the Y-site tubing will not 

be exposed to the higher humidicrib temperature.  However, compatibility testing at 

multiple temperatures will give a comparative conclusion on the impact of temperature 

to drug compatibility.  

Another aspect that could be considered is the exact simulation of Y-site infusion, 

using Y-site tubing, in addition to static mixing of drug combinations. It’s noteworthy, 

this would add a large cost to the experimental procedure since each set of tubing is 

expensive and could only be used once, however, it could be interesting for specific 

investigations to confirm if the static method is a valid alternative. Further, this will 

reveal any influence of fluid dynamics on the compatibility outcome, particularly if 

the two drugs are infused at different infusion rates via the Y-site. 

Although an order of mixing does not exist in Y-site drug administration, it could be 

investigated by alternating the order of mixing in a portion of the replicates.  

Testing of pH in drug combinations can be added to the compatibility testing 

experimental protocol to complement the analytical determination of drug 

concentrations.  
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Although HPLC analysis was carried out only for the primary drug of interest in the 

present study, based on the availability of analytical equipment and other resources, 

secondary drug measurement too could be considered in future compatibility studies.  

The present study considered a drug combination contact time of 2 hours based on a 

previous report than 60 minutes was a plausible maximum contact time during Y-site 

administration, however, a majority of reported compatibility studies have used a 

contact time of 4 hours. It is recommended that future researchers consider a range of 

‘worst-case’ scenarios (e.g. longer contact times, high-end concentrations) depending 

on their practical feasibility.  

A recommended compatibility study protocol and compatibility interpretation criteria 

would be as follows. 

Step 1: Sample preparation 

Set 1 – Test drug solution + secondary drug solution - n=3; 1:1 volume ratio (test 

samples) 

Set 2 – Test drug + diluent of the secondary drug solution - n=3; 1:1 volume ratio 

(positive control samples) 

Set 3 – Secondary drug + diluent of the test drug solution - n=3; 1:1 volume ratio 

(negative control samples) 

Step 2: Physical compatibility evaluation 

Observation for evidence of physical incompatibility (precipitation, colour change, 

haze, evolution of gas and particles under polarized light) for 4 hours at room 

temperature and humidicrib temperature 

Step 3: Chemical compatibility evaluation 
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In the absence of physical incompatibility, HPLC assay of the test and control samples 

to determine chemical compatibility (a drug concentration change of >10% is regarded 

as a chemical incompatibility) 

Sildenafil 600 µg/mL was physicochemically compatible with approximately 70% of 

the 45 clinically relevant IV drugs used in NICU settings that were tested in the present 

study. A further seven drugs were compatible with sildenafil 60 µg/mL. Six drugs 

(amphotericin, flucloxacillin, furosemide, ibuprofen, meropenem and sodium 

bicarbonate) were incompatible with sildenafil and should not be co-administered via 

Y-site infusions. Combined physicochemical compatibility should be an important 

consideration in future studies as physical compatibility does not always guarantee 

chemical compatibility. For example, in the sildenafil compatibility testing with 

ibuprofen, the drug concentration ratio was only 74% although no evidence of physical 

incompatibility was obtained in any of the test samples.  

Six 2-in-1 PN solutions were incompatible with sildenafil 600 µg/mL; however, three 

appeared to be compatible with sildenafil 60 µg/mL and three were deemed 

incompatible. Sildenafil solution was compatible with nylon syringe filters; however, 

absorption/adsorption loss from the first millilitre of filtrate occurred with 

polyethersulfone and cellulose ester filters, which should be avoided for small volumes 

and/or low concentrations of sildenafil solution. If a requirement arises to use filters 

with considerable drug loss in the first millilitre portion of the filtrate (polyethersulfone 

and cellulose ester filters) the first millilitre portion can be discarded in the process of 

priming the filter, prior to it being injected. This issue can be particularly important in 

the neonatal setting, as one millilitre can comprise the whole dose for the patient, due 

to volume restriction.  
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Regarding physicochemical compatibility of caffeine injections with other NICU 

drugs, all secondary test drugs and PN solutions, except aciclovir, amphotericin 

(liposomal), furosemide, hydrocortisone, ibuprofen and ibuprofen lysine, were 

physicochemically compatible with caffeine citrate injection (20 mg/mL equivalent to 

caffeine base 10 mg/mL), whereas caffeine base injection (10 mg/mL) was 

physicochemically compatible with all test drugs and PN solutions tested. 

Experimental investigations of compatibility of the citrate buffer and the drugs which 

were incompatible with caffeine citrate revealed the fact that it’s the citrate component 

in the excipients in the caffeine citrate formulation, that leads to incompatibility. It’s 

an important finding that there can be instances where the excipient components of the 

drug formulation could also give rise to incompatibility, not only the main drug 

molecule. Hence, it’s important to consider the components of the formulation during 

compatibility studies.   This also highlights the importance of identifying the batches 

and manufacturers of different drugs in compatibility studies, due to the diversity of 

excipients used in different formulations. Furthermore, different formulations of the 

same drug may exist giving rise to differences in compatibility outcomes e.g. aciclovir 

is formulated as both a concentrated solution for injection and a powder for 

reconstitution. 

In terms of compatibility, problematic drugs include furosemide, aciclovir, sodium 

bicarbonate and some antimicrobials, hence these might require more detailed 

investigation in future research. 

There is considerable variability in reported compatibility studies in regard to multiple 

factors such as drug concentrations, drug combination mixing techniques, clinical 

setting (NICU/ older children and adults). Consequently, the present study addresses 

gaps in the IV compatibility literature, due to its clinical relevance to NICU. 
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Furthermore, as sildenafil and caffeine citrate were very limitedly studied for 

compatibility in NICU setting, and caffeine base injection had no compatibility 

information previously reported, the present study findings will contribute to the 

current compatibility information database with novel data. According to anecdotal 

information from the local clinicians, the findings of the present study could be directly 

applied in the clinical treatment protocols in the NICU which is frequently accessed 

by healthcare professionals on a daily basis.  
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Appendix 1 

Drugs included in the search strategies of the main systematic review and pilot 

review  

List of NICU drugs and their clinically relevant concentration/ concentration ranges. 

This list was used for concept 3 of search strategy to capture the studies which 

investigated the physical and chemical compatibility of these drugs. Seven different 

guidelines from institutions representing different countries were used to construct the 

list. Extremely rare drugs, TPNs, most IV fluids and blood products were excluded.  
 

Table 1: Drugs included in the main search strategy (Drugs listed in guidelines of two or more 

institutions selected, drugs with emerging role in NICUs and drugs of international relevance) 

 

Drug Clinically relevant concentration/ 

concentration range 

Aciclovir/ acyclovir/ acycloguanosin 5 mg/mL  

Adenosine 300 µg/mL  

Adrenaline/Epinephrine 0.1 mg/mL or 1mg/mL  

Alprostadil/ Prostaglandin E1/ PGE1 1/ 2 or 4 µg/mL  

Amikacin 5 mg/mL  

Amiodarone 300 µg/mL  

Amoxicillin/ Amoxycillin 50/ 100 mg/mL   

Amoxicillin + clavulanic acid/ Co-amoxiclav 20 mg/mL by amoxicillin content  

Amphotericin B (Fungizone®) 0.1 mg/mL  

Amphotericin (liposomal)  2 mg/mL  

Ampicillin 50 mg/mL  

Atropine (sulphate)/ Hyoscyamine 100 µg/mL  

Azithromycin 2 mg/mL  

Benzylpenicillin/ penicillin/ penicillin G 60 mg/mL  

Caffeine/ Caffeine citrate  5 mg/mL  

Calcium gluconate 0.11 mmol/mL  

Cefazolin/ cephazolin 100 mg/mL & 20 mg/mL  

Cefepime 100 mg/mL & 40mg/mL  

Cefotaxime 100 mg/mL & 40 mg/mL  

Ceftazidime 100 mg/mL & 40 mg/mL  

Ceftriaxone 40 mg/mL  

Cefuroxime 250 mg/ 2.5mL  

Ciprofloxacin  2 mg/mL  

Clarithromycin  2.5 mg/mL 

Clindamycin 5 mg/mL  

Clonazepam 100 µg/mL  

Clonidine 150 µg/mL  

Cloxacillin 50 mg/mL  

Dexamethasone 100 µg/mL  

Dexmedetomidine 1 µg/mL  

Diazepam 10 mg/ 2 mL  

Digoxin 50 µg/ 2mL  

Dobutamine 1/ 2/ 4 mg/mL  

Dopamine 0.8/ 1.6/ 3.2 mg/mL  

Doxapram 2 mg/mL 

Erythromycin 1mg/mL  

Erythropoietin/EPO 1000 units/0.5mL  

Fentanyl  10 µg/mL  

Flecainide 10 mg/mL  

Flucloxacillin/ Floxacillin 50 mg/mL  

Fluconazole  2 mg/mL  

Flumazenil 10 µg/mL  

Folic Acid 100 µg/mL  
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Drug Clinically relevant concentration/ 

concentration range 

Furosemide (frusemide) 1 mg/mL  

Ganciclovir 10 mg/mL  

Gentamicin  10 mg/mL  

Glucagon  40/ 80/ 160 µg/mL  

Heparin/ Unfractionated Heparin 100 units/mL  

Hydralazine 1 mg/mL  

Hydrocortisone/ Cortisol 10 mg/mL & 1 mg/mL  

Ibuprofen (& ibuprofen lysine) 5 mg/mL  

Imipenem 5 mg/mL  

Indometacin/ Indomethacin 0.5 mg/mL  

Insulin neutral (soluble) 0.05/ 0.1/ 0.2 units/mL 

Isoprenaline/ Isoproterenol 16/ 32/ 64 µg/mL  

Ketamine 2 mg/mL  

Lidocaine (Lignocaine) 1.75 mg/kg/hour  

Levetiracetam  5/ 15 mg/mL  

Linezolid 2 mg/mL  

Magnesium sulfate  0.4 mmol/mL & 0.8mmol/mL  

Meropenem 25/50 mg/mL  

Metronidazole   5 mg/mL  

Midazolam  50/ 100/ 200 µg/mL  

Milrinone  50/ 100/ 200 µg/mL  

Morphine  40/ 80/ 160 µg/mL  

Naloxone  400 µg/mL  

Neostigmine  150/ 500 µg/mL 

Noradrenaline (norepinephrine) 40/ 80/ 120 µg/mL  

Octreotide  5 µg/mL & 25 µg/mL  

Omeprazole 0.4 mg/mL  

Pancuronium 1 mg/mL  

Pantoprazole 4 mg/mL & 0.4 mg/mL  

Paracetamol/ Acetaminophen 10 mg/mL  

Pentoxifylline 5 mg/mL 

Phenobarbital/ Phenobarbitone 20 mg/mL  

Phenytoin  5 mg/mL  

Piperacillin-tazobactam 50 mg/mL  

Potassium chloride  0.08 mmol/kg/mL  

Propranolol 100 µg/mL  

Pyridoxine  50 mg/mL  

Ranitidine 2.5 mg/mL  

Rifampicin/ Rifampin  6 mg/mL  

Rocuronium 1 mg/mL  

Salbutamol 5 µg/mL  

Sildenafil 0.1/ 0.2/ 0.4 mg/mL 

Sodium Benzoate  50 mg/mL  

Sodium bicarbonate/ NaHCO3 0.5 mmol/mL  

Sodium Nitroprusside 100/ 200 µg/mL  

Suxamethonium/ Succinylcholine 10 mg/mL  

Tobramycin 10 mg/mL  

Trimethoprim sulfamethoxazole/ Co-trimoxazole 0.64 mg/mL  

Vancomycin 5 mg/mL  

Vecuronium 1 mg/mL  

Vitamin K/ Phytomenadione 2 mg/0.2mL  

Zidovudine 1 – 2 mg/mL  
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Table 2: Drugs excluded in the main search strategy (Drugs listed in only one institution guideline, 

TPNs and IV fluids, blood products and drugs very rarely used in NICUs as per expert opinion) 

 

 

Table 3: Drugs used in the pilot test of the search strategy 

 

 

References:  

1. Neonatal Medication Protocols, Government of Western Australia, North Metropolitan Health 

Services, King Edward Memorial Hospital https://www.wnhs.health.wa.gov.au/For-health-

professionals/Clinical-guidelines/Neonatal-Medication-Protocols; 

2. Neonatal Medication Guidelines, Government of South Australia 

https://www.sahealth.sa.gov.au/wps/wcm/connect/public+content/sa+health+internet/clinical+resourc

es/clinical+programs+and+practice+guidelines/womens+and+babies+health/neonatal+medication+gui

delines/neonatal+medication+guidelines;  

3. Neonatal Medication Guidelines, The Royal Children’s hospital, Melbourne  

https://www.rch.org.au/piper/neonatal_medication_guidelines/Neonatal_Medication_Guidelines/;  

4. Neonatal Drug Information Sheets, Canterbury District Health Board, New Zealand 

https://edu.cdhb.health.nz/Hospitals-Services/Health-Professionals/Neonatal-Clinical-

Resources/Neonatal-Drug-Information-Sheets/Pages/default.aspx; 

5. Neonatal Drug Formulary, West of Scotland, The Knowledge Network 

http://www.knowledge.scot.nhs.uk/child-services/communities-of-practice/neonatal-managed-clinical-

networks/west-of-scotland/neonatal-drug-formulary-(wos).aspx;  

6. Children’s Hospital London Health Sciences Center, London, Ontario, Canada – NICU Medication 

Manual https://www.lhsc.on.ca/nicu/nicu-medication-manual;  

7. Leeds Children’s Hospital Formulary, Leeds Teaching Hospitals NHS Trust 

http://www.leedsformulary.nhs.uk/chaptersSubDetails.asp?FormularySectionID=24&SubSectionRef=

24.16&SubSectionID=A100  

 

Acetazolamide Glycopyrrolate 

Albumin Glucose/ Dextrose 

Alteplase  Gonadorelin - GnRH 

Arginine Iloprost 

Atracurium  Immunoglobulin 

Biotin Labetalol 

Calcitriol/ 1,25-dihydroxycolecalciferol  Levofloxacin 

Carnitine Lorazepam 

Caspofungin Methylene Blue 

Colistin Potassium Canrenoate 

Dantrolene Protamine sulfate  

Diazoxide Protirelin (TRH) 

Dinoprostone SMOFlipid with vitamins 

Edrophonium Sodium chloride 

Enfuvirtide  Sodium Dihydrogen Phosphate 

Epoprostenol Sodium Phenylbutyrate (Ambutyrate) 

Esmolol Sotalol  

Famotidine Teicoplanin 

Flucytosine Thiamine 

Fosfomycin Thiopental/ Thiopentone 

Fresh Frozen Plasma Tranexamic Acid 

Glyceryl Trinitrate (GTN)  

Drug Clinically relevant concentration/ concentration 

range 

Aminophylline 2.5 mg/mL  

Caffeine/ Caffeine citrate  5 mg/mL  

Indometacin/ Indomethacin 0.5 mg/mL  

Ketamine 2 mg/mL  

Pentoxifylline 5 mg/mL 

Sotalol  2 mg/mL  
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Appendix 2 

Search terms, subject headings and limiters used in data base searching 
Table 1.  Key search terms, subject headings, limiters applied and number of hits retrieved from each of the selected databases 

Database  Concept 1 Concept 2 Concept 3 limiters No of 

hits 

KEYWORDS compatib* or 

incompatib* or 

stability or 

instability  

 

intravenous* or "intra-

venous*" or iv or "y-site" or "y- 

site" or ysite or injection* or 

infusion* or  

parenteral or injectable* or 

mixture*   

 

(Aciclovir or acyclovir or acycloguanosin or Adenosine or Adrenaline or 

Epinephrine or Alprostadil or "Prostaglandin E1" or PGE1 or Amikacin or 

Amiodarone or Amoxicillin or Amoxycillin or Amoxicillin or "clavulanic acid" or 

"Co-amoxiclav" or Coamoxiclav or "Amphotericin B" or Fungizone or 

"Amphotericin liposomal" or Ampicillin or Atropine or Hyoscyamine or 

Azithromycin or Benzylpenicillin or penicillin or Caffeine or "Calcium gluconate" 

or Cefazolin or cephazolin or Cefepime or Cefotaxime or Ceftazidime or 

Ceftriaxone or Cefuroxime or Ciprofloxacin or Clarithromycin or Clindamycin or 

Clonazepam or Clonidine or Cloxacillin or Dexamethasone or Dexmedetomidine 

or Diazepam or Digoxin or Dobutamine or Dopamine or Doxapram or 

Erythromycin or Erythropoietin or Fentanyl or Flecainide or Flucloxacillin or 

Floxacillin or Fluconazole or Flumazenil or "Folic Acid" or Furosemide or 

frusemide or Ganciclovir or Gentamicin or Glucagon or Heparin or Hydralazine or 

Hydrocortisone or Cortisol or Ibuprofen or Imipenem or Indometacin or 

Indomethacin or Insulin or Isoprenaline or Isoproterenol or Ketamine or Lidocaine 

or Lignocaine or Levetiracetam or Linezolid or "Magnesium sulfate" or 

Meropenem or Metronidazole or Midazolam or Milrinone or Morphine or 

Naloxone or Neostigmine or Noradrenaline or norepinephrine or Octreotide or 

Omeprazole or Pancuronium or Pantoprazole or Paracetamol or Acetaminophen or 

Pentoxifylline or Phenobarbital or Phenobarbitone or Phenytoin  or "Piperacillin-

tazobactam" or "Potassium chloride" or Propranolol or Pyridoxine or Ranitidine or 

Rifampicin or Rifampin  or Rocuronium or Salbutamol or Sildenafil or "Sodium 

Benzoate" or "Sodium bicarbonate" or "Sodium Nitroprusside" or Suxamethonium 

or Succinylcholine or Tobramycin or Trimethoprim sulfamethoxazole or "Co-

trimoxazole" or Cotrimoxazole or Vancomycin or Vecuronium or "Vitamin K" or 

Phytomenadione or Zidovudine) 

[Ovid - .mp. search] 

[CINAHL – default search] 

English 

language 
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Database  Concept 1 Concept 2 Concept 3 limiters No of 

hits 

[Web of Science – Topic search, English] 

[Proquest – NOFT, Peer reviewed, English 

 

 

 

EMBASE 

SHs 

"drug 

incompatibility"/ or 

"drug stability"/ 

 

"intravenous drug 

administration"/ or "continuous 

infusion"/ or "parenteral drug 

administration"/ or "drug 

infusion"/ or "drug mixture"/ 

 

Aciclovir/ or Adenosine/ or Epinephrine/ or Prostaglandin E1/ or Amikacin/ or 

Amiodarone/ or Amoxicillin/ or Amoxicillin plus clavulanic acid/ or 

Amphotericin B/ or Amphotericin B lipid complex/ or amphotericin B 

deoxycholate/ or Ampicillin/ or Atropine/ or Hyoscyamine/ or Azithromycin/ or 

Benzylpenicillin/ or penicillin G/ or Caffeine/ or Caffeine citrate/ or gluconate 

calcium/ or Cefazolin/ or Cefepime/ or Cefotaxime/ or Ceftazidime/ or 

Ceftriaxone/ or Cefuroxime/ or Ciprofloxacin/ or Clarithromycin/ or Clindamycin/ 

or Clonazepam/ or Clonidine/ or Cloxacillin/ or Dexamethasone/ or 

Dexmedetomidine/ or Diazepam/ or Digoxin/ or Dobutamine/ or Dopamine/ or 

Doxapram/ or Erythromycin/ or Erythropoietin/ or Fentanyl/ or Flecainide/ or 

Flucloxacillin/ or Fluconazole/ or Flumazenil/ or Folic Acid/ or Furosemide/ or 

Ganciclovir/ or Gentamicin/ or Glucagon/ or recombinant glucagon/ or Heparin/ or 

Hydralazine/ or Hydrocortisone/ or Ibuprofen/ or Imipenem/ or Indometacin/ or 

Insulin/ or Isoprenaline/ or Ketamine/ or Lidocaine/ or Levetiracetam/ or 

Linezolid/ or Magnesium sulfate/ or Meropenem/ or Metronidazole/ or 

Midazolam/ or Milrinone/ or Morphine/ or Naloxone/ or Neostigmine/ or 

Noradrenalin/ or Octreotide/ or Omeprazole/ or Pancuronium/ or Pantoprazole/ or 

Paracetamol/ or Pentoxifylline/ or Phenobarbital/ or Phenytoin/ or piperacillin plus 

tazobactam/ or Potassium chloride/ or Propranolol/ or Pyridoxine/ or Ranitidine/ 

or Rifampicin/ or Rocuronium/ or Salbutamol/ or Sildenafil/ or benzoic acid/ or 

bicarbonate/ or Nitroprusside Sodium/ or Suxamethonium/ or Tobramycin/ or 

Cotrimoxazole/ or Vancomycin/ or Vecuronium/ or vitamin K group/ or 

Zidovudine/                            

English 21880 

MEDLINE 

SHs 

"Drug 

Incompatibility"/ or 

"Drug Stability"/ 

"Infusions, Intravenous"/ or 

"injections, Intravenous"/ or 

"Infusions, Parenteral"/ or 

"Administration, Intravenous"/ 

 

Acyclovir/ or Adenosine/ or Epinephrine/ or Alprostadil/ or Amikacin/ or 

Amiodarone/ or amoxicillin/ or amoxicillin-potassium clavulanate combination/ or 

Amphotericin B/ or Ampicillin/ or Atropine/ or Hyoscyamine/ or Azithromycin/ or 

Penicillin G/ or Caffeine/ or Calcium gluconate/ or Cefazolin/ or Cefepime/ or 

Cefotaxime/ or Ceftazidime/ or Ceftriaxone/ or Cefuroxime/ or Ciprofloxacin/ or 

Clarithromycin/ or Clindamycin/ or Clonazepam/ or Clonidine/ or Cloxacillin/ or 

Dexamethasone/ or Dexmedetomidine/ or Diazepam/ or Digoxin/ or Dobutamine/ 

English 8526 
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Database  Concept 1 Concept 2 Concept 3 limiters No of 

hits 

or Dopamine/ or Doxapram/ or Erythromycin/ or Erythropoietin/ or Fentanyl/ or 

Flecainide/ or Floxacillin/ or Fluconazole/ or Flumazenil/ or Folic Acid/ or 

Furosemide/ or Ganciclovir/ or Gentamicin/ or Glucagon/ or Heparin/ or 

Hydralazine/ or Hydrocortisone/ or Ibuprofen/ or Imipenem/ or Indomethacin/ or 

Insulin/ or Isoproterenol/ or Ketamine/ or Lidocaine/ or Levetiracetam/ or 

Linezolid/ or Magnesium sulfate/ or Meropenem/ or Metronidazole/ or 

Midazolam/ or Milrinone/ or Morphine/ or Naloxone/ or Neostigmine/ or 

norepinephrine/ or Octreotide/ or Omeprazole/ or Pancuronium/ or Pantoprazole/ 

or Acetaminophen/ or Pentoxifylline/ or Phenobarbital/ or Phenytoin/ or  

Piperacillin, Tazobactam Drug Combination/ or Potassium chloride/ or 

Propranolol/ or Pyridoxine/ or Ranitidine/ or Rifampin/ or Rocuronium/ or 

Albuterol/ or Sildenafil Citrate/ or Sodium Benzoate/ or Benzoic Acid/ or Sodium 

bicarbonate/ or Nitroprusside/ or Succinylcholine/ or Tobramycin/ or  

Trimethoprim, Sulfamethoxazole Drug Combination/ or Vancomycin/ or 

Vecuronium Bromide/ or Vitamin K 1/ or Zidovudine/                  

CINAHL 

SHs 

MH= 

"Drug 

incompatibility" or 

"Drug Stability" 

MH= 

"Infusions, Intravenous" or 

"Injections, Intravenous" or 

"Infusions, Parenteral" or 

"Administration, Intravenous" 

 

MH= 

"Acyclovir" or "Adenosine" or "Epinephrine" or "Prostaglandins E" or 

"Amikacin" or "Amiodarone" or "Amoxicillin" or "Amphotericin B" or 

"Ampicillin" or "Atropine" or "Azithromycin" or "Penicillin G" or "Caffeine" or 

"Cefazolin" or "Cefepime Hydrochloride" or "Cefotaxime" or "Ceftazidime" or 

"Ceftriaxone" or "Cefuroxime" or "Ciprofloxacin" or "Clarithromycin" or 

"Clindamycin" or "Clonazepam" or "Clonidine" or "Cloxacillin" or 

"Dexamethasone" or "Diazepam" or "Digoxin" or "Dobutamine" or "Dopamine" 

or "Doxapram" or "Erythromycin" or "Erythropoietin" or "Fentanyl" or 

"Flecainide Acetate" or "Fluconazole" or "Flumazenil" or "Folic Acid" or 

"Furosemide" or "Ganciclovir" or "Gentamicins" or "Glucagon" or "Heparin" or 

"Hydralazine" or "Hydrocortisone" or "Ibuprofen" or "Imipenem" or 

"Indomethacin" or "Insulin" or "Isoproterenol" or "Ketamine" or "Lidocaine" or 

"Linezolid" or "Magnesium sulfate" or "Meropenem" or "Metronidazole" or 

"Midazolam" or "Milrinone" or "Morphine" or "Naloxone" or "Neostigmine" or 

"norepinephrine" or "Octreotide Acetate" or "Omeprazole" or "Pancuronium" or 

"Pantoprazole Sodium" or "Acetaminophen" or "Pentoxifylline" or 

"Phenobarbital" or "Phenytoin" or "Potassium chloride" or "Propranolol" or 

English 1262 
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Database  Concept 1 Concept 2 Concept 3 limiters No of 

hits 

"Pyridoxine" or "Ranitidine" or "Rifampin" or "Rocuronium" or "Albuterol" or 

"Sildenafil" or "Sodium Benzoate" or "Sodium bicarbonate" or "Nitroprusside" or 

"Succinylcholine" or "Tobramycin" or "Trimethoprim-Sulfamethoxazole 

Combination" or "Vancomycin" or "Vecuronium Bromide" or "Vitamin K" or 

"Zidovudine"   

Proquest 

(Health & 

Medical 

Collection) 

 

   NOFT, 

Peer 

reviewed, 

English 

1843 

Web of 

Science 

   Topic 

search, 

English 

9303 
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Appendix 3 

Standardized data extraction sheet 
 

Reviewer   1   2   3   

        

Title of the study    

First and 

corresponding 

authors   

 

Journal     

Year of publication    

Key words used    

Abbreviated study ID     

Main Objective/s 

related to 

physical/chemical 

compatibility testing    

(Please check)  

Physical  Chemical  Physical and Chemical  

      

Context of application 

(if mentioned, please 

check)   

Neonatal  Paediatric   Adult   Not specified 

         

Main drug tested, its 

concentration/s and 

diluent   

 

Sample 

preparation (Please 

check)   

Filtration of samples done  Order of mixing mentioned  

  

Use of negative 

controls   

Yes  No  If yes, specify  

   

Mixing methods 

(Please check)  

Vortex mixing  Gentle mixing  Not specified 

   

Mixing ratio   

Replication of 

samples    

(Please check)  

Yes No 

  

Batches and/or 

manufacturers 

recorded   

Yes  No  

    

Y-site simulation and 

test Vessels used 

(Please check)  

   

Y – Site simulation Actual Y-site IV tube 

mixing  

 

 

 

Glass tubes   Plastic tubes   

  

Test temperatures 

(Please check)   

Humidicrib   RT   Refrigerator   

   

Test duration 

(contact/exposure)   

 

Test time points    
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Methods of physical 

compatibility 

testing (Please check)  

  

Visual observation for 

haze/ colour change/ 

precipitation/ gas 

evolution   

Turbidimetry    

 

Other (Specify)  

   

Acceptance criteria for 

physical compatibility 

(Please check, if yes 

specify)   

Yes No Yes No Yes No 

      

Methods of chemical 

compatibility 

testing (Please check)  

HPLC   Other (specify)   

  

Acceptance criteria for 

chemical 

compatibility (Please 

check, if yes specify)   

Yes No Yes No 

    

Statistical methods 

used in analysis   

  

Any other 

information   

 

Drugs/ s tested with the 

main drug, 

concentrations, 

diluents, physical 

compatibility results 

and chemical 

compatibility results  

 

Compatible = C  

Incompatible = I  

Inconclusive = Q 

Undiluted = U  

 Drug Concentra

tion 

Diluent Physical 

compatibility 

Chemical 

compatibilit

y 
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Appendix 4 

Quality assessment instrument 
 

 

 

  

General quality Assessment Tool (applicable to all studies involved) Yes / No 

Drug manufacturers listed Yes / No 

Drug batches listed Yes / No 

Number and frequency of observations defined Yes / No 

Study duration defined Yes / No 

Study conditions: temperature Yes / No  

Study conditions: duration of exposure Yes / No  

Mixing vessels mentions (tubes/ containers/ Y-tubing) Yes / No  

Drug concentrations defined Yes / No  

Drug diluents reported for all drugs Yes / No 

Sampling times defined Yes / No  

Base line level testing (t = 0) Yes / No 

Parallel controls  

Testing performed in replicates Yes / No  

Mixing ratios defined Yes / No  

Study provides implications for future research and clinical practice Yes / No 

Physical compatibility component of the study    

Precipitate formation evaluated visually Yes / No 

Colour change evaluated Yes / No 

Gas production evaluated Yes / No 

Turbidity measured instrumentally Yes / No 

pH tested Yes / No 

Acceptance/compatibility criteria defined Yes / No 

Visual observation done by more than one assessor Yes / No 

Chemical compatibility component of the study    

Analytical method described or referenced Yes / No 

Method validation is reported/ referenced (selective or stability-indicating) Yes / No 

Analytical method QA data provided (LOQ, accuracy, precision) Yes / No 

Acceptance/compatibility criteria defined Yes / No 
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Appendix 5 

Physical incompatibilities of sildenafil with secondary test drugs  
 

1. Sildenafil and aciclovir 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Sildenafil and amoxicillin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and aciclovir (5 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and amoxicillin (100 mg/mL) 
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3. Sildenafil and amphotericin (fungizone) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and amoxicillin (50 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and amphotericin (fungizone) (100 µg/mL) 
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4. Sildenafil and ampicillin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and ampicillin (100 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and ampicillin (50 mg/mL) 
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5. Sildenafil and calcium gluconate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Sildenafil and flucloxacillin 

 

 

 

 

  

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles under polarized light) in the 
combination of sildenafil (600 µg/mL) and calcium gluconate (100 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (haze) in the combination of sildenafil 
(600 µg/mL) and flucloxacillin (50 mg/mL) 
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7. Sildenafil and furosemide 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and furosemide (1 mg/mL) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and furosemide (0.2 mg/mL) 
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Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (60 µg/mL) and furosemide (1 mg/mL) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles under polarized light) in the 
combination of sildenafil (60 µg/mL) and furosemide (0.2 mg/mL) 
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8. Sildenafil and heparin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9. Sildenafil and hydrocortisone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (haze) in the combination of sildenafil 
(600 µg/mL) and heparin (100 units/mL) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and hydrocortisone (10 mg/mL) 
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10. Sildenafil and ibuprofen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11. Sildenafil and ibuprofen lysine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, objective 
x40) of physical incompatibility (milky turbidity) in the combination of sildenafil (600 
µg/mL) and ibuprofen (5 mg/mL) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (milky turbidity) in the combination of 
sildenafil (600 µg/mL) and ibuprofen lysine (4 mg/mL) 
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12. Sildenafil and indomethacin  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13. Sildenafil and meropenem 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (milky turbidity) in the combination of 
sildenafil (600 µg/mL) and indomethacin (200 µg/mL) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and meropenem (50 mg/mL) 
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Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and meropenem (25 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles under polarized light) in the 
combination of sildenafil (60 µg/mL) and meropenem (50 mg/mL) 
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14. Sildenafil and phenobarbitone 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles under polarized light) in the 
combination of sildenafil (60 µg/mL) and meropenem (25 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and phenobarbitone (20 mg/mL) 
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15. Sildenafil and rifampicin 

 

 

 

16. Sildenafil and sodium bicarbonate 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (heavy precipitate) in the combination 
of sildenafil (60 µg/mL) and rifampicin (6 mg/mL) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and sodium bicarbonate (4.2 %) w/v) 
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17. Sildenafil and 2-in-1 PN 1 (Preterm A) 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles under polarized light) in the 
combination of sildenafil (60 µg/mL) and sodium bicarbonate (4.2 % w/v) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and 2-in-1 PN 1 (Preterm A) 
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18. Sildenafil and 2-in-1 PN 2 (Preterm B) 

 

 

 

 

19. Sildenafil and 2-in-1 PN 3 (Term) 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and 2-in-1 PN 2 (Preterm B) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and 2-in-1 PN 3 (Term) 
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20. Sildenafil and 2-in-1 PN 4 (Custom - 1) 

 

 
21. Sildenafil and 2-in-1 PN 5 (Custom - 2) 

 

 
 
 
 
 
 
 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and 2-in-1 PN 4 (Custom - 1) 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and 2-in-1 PN 5 (Custom - 2) 
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22. Sildenafil and 2-in-1 PN 6 (Custom - 3) 

 

 

 

 

 

 

 

  

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of sildenafil (600 µg/mL) and 2-in-1 PN 6 (Custom - 3) 
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Appendix 6 

 

Size distribution plots - Sildenafil compatibility with lipid emulsions 

 

Figure 1. Sildenafil 600 µg/mL and SMOFlipid (20%) (1:1) at 0 h. Mean droplet diameter 
(MDD; D[4,3] =  0.308 µm; Dv50 = 0.294 µm; Dv10 = 0.162 µm; Proportional of droplets in 
diameter <0.5 µm and 0.5-1 µm was 92.5% and 7.5%, respectively (no droplets > 1 µm) 

 

Figure 2. Sildenafil 600 µg/mL and SMOFlipid (20%) (1:1) at 2 h. Mean droplet diameter 
(MDD; D[4,3] = 0.313 µm; Dv50 = 0.299 µm; Dv10 = 0.168 µm; Proportional of droplets in 
diameter <0.5 µm and 0.5-1 µm was 92.2% and 7.8%, respectively (no droplets > 1 µm) 
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Figure 3. Sildenafil 60 µg/mL and SMOFlipid (20%) (1:1) at 0 h. Mean droplet diameter (MDD; 
D[4,3] = 0.313 µm; Dv50 = 0.299 µm; Dv10 = 0.168 µm; Proportional of droplets in diameter 
<0.5 µm and 0.5-1 µm was 92.2% and 7.8%, respectively (no droplets > 1 µm) 

 

Figure 4. Sildenafil 60 µg/mL and SMOFlipid (20%) (1:1) at 2 h. Mean droplet diameter (MDD; D[4,3] 
= 0.312 µm; Dv50 = 0.298 µm; Dv10 = 0.168 µm; Proportional of droplets in diameter <0.5 µm and 
0.5-1 µm was 92.4% and 7.6%, respectively (no droplets > 1 µm) 
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Figure 5. Glucose 5% and SMOFlipid (20%) (1:1) at 0 h. Mean droplet diameter (MDD; D[4,3] 
=  0.304 µm; Dv50 = 0.289 µm; Dv10 = 0.157 µm; Proportional of droplets in diameter <0.5 
µm and 0.5-1 µm was 92.6% and 7.4%, respectively (no droplets > 1 µm) 

 

Figure 6. Glucose 5% and SMOFlipid (20%) (1:1) at 2 h. Mean droplet diameter (MDD; D[4,3] 
= 0.311 µm; Dv50 = 0.299 µm; Dv10 = 0.168 µm; Proportional of droplets in diameter <0.5 
µm and 0.5-1 µm was 92.5% and 7.5%, respectively (no droplets > 1 µm) 
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Appendix 7 

Physical incompatibilities of caffeine citrate with secondary test drugs  

1. Caffeine citrate and aciclovir 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of caffeine citrate (20 mg/mL) and aciclovir (5 mg/mL) 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of caffeine citrate (10 mg/mL) and aciclovir (5 mg/mL) 
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3. Caffeine citrate and furosemide  

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of caffeine citrate (20 mg/mL) and furosemide 1 mg/mL 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of caffeine citrate (10 mg/mL) and furosemide 1 mg/mL 
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Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles observed under polarized 
light) in the combination of caffeine citrate (20 mg/mL) and furosemide 0.2 
mg/mL 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (particles observed under polarized 
light) in the combination of caffeine citrate (10 mg/mL) and furosemide 0.2 
mg/mL 



233 

 

4. Caffeine citrate and hydrocortisone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of caffeine citrate (20 mg/mL) and hydrocortisone 10 mg/mL 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (white precipitate) in the combination 
of caffeine citrate (10 mg/mL) and hydrocortisone 10 mg/mL 
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5. Caffeine citrate and ibuprofen 

  
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (milky turbidity) in the combination of 
caffeine citrate (20 mg/mL) and ibuprofen 5 mg/mL 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (milky turbidity) in the combination of 
caffeine citrate (10 mg/mL) and ibuprofen 5 mg/mL 
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6. Caffeine citrate and ibuprofen lysine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (milky turbidity) in the combination of 
caffeine citrate (20 mg/mL) and ibuprofen lysine 4 mg/mL 

Photograph (left) and corresponding photomicrograph (right) (Leica MC190HD, 
objective x40) of physical incompatibility (milky turbidity) in the combination of 
caffeine citrate (10 mg/mL) and ibuprofen lysine 4 mg/mL 
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Appendix 8 

Incompatibilities of citrate buffer with secondary drugs  

 

 

 

 

 

 

 

Figure 1. Precipitation in the combination of caffeine citrate 20 mg/mL + aciclovir 5 mg/mL 
(left); citrate buffer + aciclovir 5 mg/mL (right) 

 

 
 

 

 

 

 

 

Figure 2. Increased opacity in the combination of caffeine citrate 20 mg/mL + amphotericin 
liposomal 2 mg/mL in comparison to the control sample (left); citrate buffer + amphotericin 
liposomal 2 mg/mL in comparison to the control sample; b, d – control samples 

Figure 3. Precipitation in the combination of caffeine citrate 20 mg/mL + furosemide 1 
mg/mL (left) and citrate buffer + + furosemide 1 mg/mL (right) 
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Figure 4. Precipitation in the combination of caffeine citrate 20 mg/mL + hydrocortisone 10 
mg/mL (left) and citrate buffer + hydrocortisone 10 mg/mL (right) 

 

Figure 5. Milky turbidity in the combination of caffeine citrate 20 mg/mL + ibuprofen 5 
mg/mL (left) and citrate buffer + ibuprofen 5 mg/mL (right) 

 

Figure 6. Milky turbidity in the combination of caffeine citrate 20 mg/mL + ibuprofen lysine 
4 mg/mL (left) and citrate buffer + ibuprofen lysine 4 mg/mL (right) 

 

 

  







240 

 

 

Figure 7. Gentamicin 2 mg/mL and SMOFlipid (20%) (1:1) at 0 h. Mean droplet 
diameter (MDD; D[4,3] = 0.415 µm; Dv50 = 0.257 µm; Dv10 = 0.102 µm; Proportional 
of droplets in diameter <0.5 µm and 0.5-5 µm was 80.4% and 19.6%, respectively 
(8.2% droplets > 1 µm) 

 

Figure 8. Gentamicin 2 mg/mL and SMOFlipid (20%) (1:1) at 2 h. Mean droplet 
diameter (MDD; D[4,3] = 0.372 µm; Dv50 = 0.257 µm; Dv10 = 0.103 µm; Proportional 
of droplets in diameter <0.5 µm and 0.5-5 µm was 80.6% and 19.4%, respectively (7% 
droplets > 1 µm) 

 

Figure 9. Gentamicin 10 mg/mL and SMOFlipid (20%) (1:1) at 0 h. Mean droplet 
diameter (MDD; D[4,3] = 22.9 µm; Dv50 = 0.743 µm; Dv10 = 0.067 µm; Proportional 
of droplets in diameter <0.5 µm and > 0.5 µm was 40.6% and 59.4%, respectively 
(38.9% droplets > 1 µm) 
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Figure 13. NS and SMOFlipid (20%) (1:1) at 0 h. Mean droplet diameter (MDD; D[4,3] 
= 0.306 µm; Dv50 = 0.291 µm; Dv10 = 0.155 µm; Proportional of droplets in diameter 
<0.5 µm and 0.5-1 µm was 91.8% and 8.2%, respectively (no droplets > 1 µm) 

 

Figure 14. NS and SMOFlipid (20%) (1:1) at 2 h. Mean droplet diameter (MDD; D[4,3] 
= 0.314 µm; Dv50 = 0.299 µm; Dv10 = 0.167 µm; Proportional of droplets in diameter 
<0.5 µm and 0.5-1 µm was 91.6% and 8.4%, respectively (no droplets > 1 µm) 
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infusion of 1.6 mg/kg/day for up to seven days, with the sildenafil concentration typically
in the order of 400–800 mcg/mL in glucose 5% w/v (D5W) injection [1]. In preterm infants,
a lower loading dose of 0.1 mg/kg administered over 45 min and continuous infusion
of 0.5 to 1.2 mg/kg/day is recommended, using sildenafil concentrations in the order of
60–100 mcg/mL in D5W injection [3].

In neonatal intensive care unit (NICU) settings, infants often require several concurrent
IV medications, which may be at high concentrations due to fluid restrictions. Multiple IV
access sites for these medications pose a threat of pain, risk of infection and thromboem-
bolism to the patients [4]. Due to the limited vascular access in these patients, IV drug
administration via a “Y-site” arrangement with three-way connectors is commonly used
to infuse multiple drugs simultaneously [5]. Combined with low infusion flow rates and
high drug concentrations, one risk with Y-site administration of IV drug combinations is
physical and/or chemical drug incompatibilities in the IV apparatus [6]. Physical incom-
patibility can present as visible precipitates, haze, colour change or gas formation. Infusion
of particulate matter of adequate size (i.e., larger than the 4–9 µm capillary diameter)
into the vasculature of neonates can cause serious adverse embolic events and may be
fatal [7]. Furthermore, chemical incompatibility may lead to sub-optimal clinical outcomes
or adverse effects if toxic compounds are formed. Therefore, physicochemical compatibility
should be carefully considered when IV drugs are co-administered via Y-sites, with due
regard to concentrations and combinations that are applicable to the clinical setting, such
as NICU [5].

Physicochemical compatibility of IV sildenafil with other drugs has been reported
for pentoxifylline, epinephrine, norepinephrine, vasopressin, heparin, milrinone and
dopamine. All drugs were found to be compatible with sildenafil at the concentra-
tions tested, except heparin, which was compatible at 1 unit/mL and incompatible at
100 units/mL [8–10].

Against this background, we sought to investigate the physicochemical compatibility
of sildenafil with a range of NICU drugs, at higher end clinically relevant concentrations,
and with a selection of 2-in-1 parenteral nutrition (PN) solutions.

2. Materials and Methods

Sildenafil (sildenafil citrate; C22H30N6O4S·C6H8O7; MW 666.7; certified reference ma-
terial), was purchased from Sigma-Aldrich Chemicals, St. Louis, MO, USA. HPLC grade
acetonitrile was from Fisher Scientific, Fair Lawn, NJ, USA. All other laboratory chemicals were
of analytical grade. All parenteral medications and solutions were of clinical grade (see online
Supplementary File for list of medications and manufacturers—Table S1). The composition of
the 2-in-1 PN solutions is provided in Table S2 of the online Supplementary File.

2.1. High Performance Liquid Chromatography (HPLC) Assay

The Agilent 1200 series HPLC system comprised a binary pump with degasser, auto-
sampler, thermostated column oven and a dual wavelength UV detector (Agilent Technol-
ogy, Waldbronn, Germany). Chemstation software (vRev. B.03.01.SR1; Agilent Technology)
was used to acquire and process data.

A reversed phase HPLC column (Kinetex, 5µm, C18; 100 × 4.6 mm; Phenomenex,
Torrance, CA, USA) was maintained at 30 ◦C. The mobile phase was an isocratic mixture of
40% v/v acetonitrile and 60% v/v 50 mM potassium dihydrogen orthophosphate buffer
(pH 6; HI 5221 pH Meter, Hanna Instruments, Woonsocket, RI, USA). The flow rate and UV
detector were 1 mL/min and 240 nm, respectively. The injection volume was 5 µL, unless
otherwise specified.

The stability-indicating HPLC method development was guided by previous stud-
ies [8,9,11] and validated in accordance with the International Council for Harmonization
guidelines [12]. Sildenafil 600 mcg/mL was prepared by diluting sildenafil injection (Reva-
tio; Viatris, Australia; Supplementary File—Table S1) with D5W and exposing it to forced
degradation experiments with acidic, alkali and oxidative stress conditions.
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Oxidative stress: Sildenafil 600 mcg/mL was mixed 1:1 with 20% v/v hydrogen
peroxide (2 mL volume in 4 mL glass vials with impermeable caps, n = 3), and stored in
a stability chamber at 45 ◦C (Fitoclima 600, Aralab, Rio de Mouro, Portugal). Samples
(300 µL) were withdrawn at 0, 1, 2, 4 and 7 days and frozen (−80 ◦C) to arrest further
degradation until assayed. At the time of assay, samples were thawed at ambient room
temperature (22 ◦C), vortex mixed, diluted 1-in-50 with water, then analysed by HPLC as
described above (injection volume 20 µL).

Acid stress: Sildenafil 600 mcg/mL was mixed with 4 M hydrochloric acid (1:1 v/v; 2
mL in 4 mL glass vials with impermeable caps, n = 3), and stored at 45 ◦C. Samples (300 µL)
were withdrawn at 0, 1, 2, 4 and 7 days, neutralised with 4 M sodium hydroxide solution and
frozen (−80 ◦C). At the time of assay, samples were thawed, vortex mixed, diluted 1-in-50
with water and then analysed by HPLC as described above (injection volume 20 µL).

Alkali stress: A similar process as described above for acid stress was followed, using
4 M sodium hydroxide solution and neutralisation with 4 M hydrochloric acid.

Heat stress: Sildenafil 600 mcg/mL was mixed with water (1:1 v/v; 2 mL in 4 mL
glass vials with impermeable caps, n = 3), and stored at 60 ◦C (PURA 4 water bath, Julabo
GmbH, Seelbach, Germany). Samples (500 µL) were withdrawn at 0 and 3 days and frozen
(−80 ◦C). At the time of assay, samples were thawed, vortex mixed and analysed by HPLC
as described above (injection volume 5 µL).

Light stress: Sildenafil 600 mcg/mL was mixed with water (1:1 v/v; 2 mL in 4 mL
glass vials with impermeable caps, n = 3) and exposed to light (laboratory fluorescent
lighting 24/7 and normal daylight (indirect sunlight) for approximately 12 h per day) at
room temperature (22 ◦C). Samples (500 µL) were withdrawn at 0 and 7 days and frozen
(−80 ◦C). At the time of assay, samples were thawed, vortex mixed and analysed by HPLC
as described above (injection volume 5 µL).

To establish linearity and range for the HPLC assay, a calibration curve was constructed
using sildenafil solutions at concentrations of 3, 10, 30, 100, 300 and 800 mcg/mL (n = 3).
Calibration curve and analyte concentration data were analysed using Microsoft Excel
(Version 2309 Build 16.0.16827.20166). The limit of detection (LOD) and the lower limit
of quantitation (LLOQ) were estimated using the formulae below, where σ is the residual
standard deviation of a regression line and S is the slope of the calibration curve [12]. LLOQ
was confirmed by precision data.

LOD =
3.3 × σ

S

LLOQ =
10 × σ

S
Accuracy and precision of the HPLC assay was evaluated at sildenafil concentrations

of 600, 100, 10 and 2.9 (LLOQ) mcg/mL (n = 5) using the sildenafil reference standard and
the commercial sildenafil injection diluted with D5W. The concentrations of the two series
were compared (expressed as a fraction of the nominal concentration). Intra-assay and
inter-assay precision were determined by calculating percentage relative standard deviation
(%RSD) for the same sildenafil concentrations.

2.2. Preparation of Samples for Physical and Chemical Compatibility Testing

Sildenafil injection (800 mcg/mL) was diluted using D5W to achieve clinically relevant
concentrations of 60 and 600 mcg/mL. The higher sildenafil concentration is consistent with
a high-end dosage regimen for infants ≥37 weeks gestational age, and the lower sildenafil
concentration is consistent with a low-end dosage regimen for pre-term infants <37 weeks
gestational age [13]. Secondary test drugs and 2-in-1 PN solutions were prepared/diluted
in accordance with the manufacturer’s instructions or standard local neonatal clinical
protocols at King Edward Memorial Hospital. Drug concentrations were based on the
recommendations for a patient weighing 2 kg (see Table 1 and Table 2 for secondary drug
concentrations used in the present study). Medications that were originally contained
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in glass ampoules or required reconstitution were filtered immediately prior to mixing
(33 mm × 0.22 µm Polyethersulfone (PES) membrane, Millex-GP, Merck Millipore Ltd.,
Carrigtwohill, Co., Cork, Ireland).

A panel of 45 drugs and 6 PN solutions were selected and endorsed by local clin-
ical experts (TS, MP). Five drugs were included in the study as positive (compatible:
epinephrine, norepinephrine, milrinone and dopamine) or negative (incompatible: heparin
100 units/mL) controls, and the remaining forty drugs were previously untested against
sildenafil. Epinephrine, norepinephrine, milrinone and dopamine were tested in the present
study at different concentrations to previous reports [8,9].

Drug combinations (sildenafil and the test drug or PN solution) were mixed at a
1:1 (v/v) ratio to simulate Y-site administration, consistent with established methods [8,14–17].
Drug preparation, mixing and testing was carried out at room temperature (22 ◦C).

The first stage of compatibility tests comprised a combination of sildenafil 600 mcg/mL
and the secondary drug at clinically relevant high-end concentrations, consistent with the
standard NICU protocols and expert advice. If incompatibility was detected, the drug
combination was then tested using sildenafil 600 mcg/mL and the secondary drug at
a low-end clinically relevant concentration, if applicable. The third and fourth stages
of tests comprised sildenafil 60 mcg/mL and the secondary drug at high- and low-end
concentrations, respectively, as applicable. The ‘up to four-way’ combination design
optimised the scope for clinically relevant information on incompatible combinations.

Twelve 2 mL clear glass HPLC vials with impermeable screw cap lids were used for
each binary combination of drugs/fluids and the respective control solutions. Sildenafil,
secondary drug combinations and the control samples were prepared as described below:

• Set 1—Sildenafil injection solution (0.4 mL of 60 or 600 mcg/mL) and secondary test
drug solution/fluid (0.4 mL); n = 4.

• Set 2—Sildenafil injection solution (0.4 mL of 60 or 600 mcg/mL) diluted with 0.4 mL
of the diluent of the secondary test drug (n = 4) as the reference control solution for the
purpose of visual comparison and HPLC assay of sildenafil concentration. The diluent
was D5W for PN solutions.

• Set 3—The test drug solution/fluid (0.4 mL) was diluted with 0.4 mL of D5W (n = 4)
for the purpose of visual comparison.

2.3. Physical Compatibility Testing

All vials were gently mixed and inspected with an unaided eye against a black and
white background for any change in colour, haze or precipitation. The observations were
carried out immediately after mixing, and 5, 15, 60 and 120 min. Samples were also ob-
served under a polarized light viewer (Apollo I Liquid Viewer with a LED light source and
1.7× Magnifier, Adelphi Manufacturing Company Ltd., Haywards Heath, West Sussex,
UK) for any visible precipitation or particulate matter. Physical compatibility was based
on the visual appearance of the drug combination (set 1) in comparison to control solu-
tions (set 2 and 3). Any inconclusive observation was confirmed by a second independent
observer and all physical incompatibilities were photographed. If precipitation or parti-
cles were observed in the drug combination vials, an aliquot was examined under light
microscopy (Leica MC190HD, 40× magnification, Leica Microsystems (Switzerland) Ltd.,
CH—9435, Heerbrugg, Switzerland).

2.4. Chemical Compatibility Testing

The HPLC assay was used to evaluate chemical compatibility if the combination was
physically compatible. If any physical incompatibility was observed, such combinations
were not chemically tested to avoid contamination of the HPLC system. At 2 h after
mixing, the sildenafil concentration in the four vials of sildenafil plus test drug (set 1) was
measured by HPLC and compared to the four sildenafil reference solution vials (set 2).
The ratio of the mean peak areas was determined and the 95% CI of the ratio was calculated
using the confidence limits from a two-sided t-test (α = 0.05; SigmaPlot V.15; Inpixon
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GmbH, Düsseldorf, Germany). Consistent with previous studies, incompatibilities of
sildenafil:drug combinations were defined as a ratio of the mean peak area outside the
range of 90–110% [8,9,18–20].

2.5. Evaluation of Absorption/Adsorption Loss of Sildenafil by Syringe Filters

The compatibility of sildenafil injection with conventional syringe filters has not previ-
ously been reported but is clinically relevant information and was required for subsequent
tests in the present study. Six types of syringe filters and two inline filters composed of
different filter membranes (cellulose esters, nylon, polyvinylidene fluoride, polyethersul-
fone and polypropylene; online Supplementary File Table S5) were tested to evaluate the
absorption/adsorption loss of sildenafil during the process of filtration.

Sildenafil 60 mcg/mL and 600 mcg/mL solutions were used for filter testing and the
drug recovery in the filtrate was determined by HPLC assay. The peak area values obtained
with and without filtration were compared and data were reported as percent recovery
according to the following formula:

Recovery of sildenafil (%) =
sildenafil concentration(filtered; peak area of the chromatogram)

sildenafil concentration of the unfiltered solution
× 100

A pilot test was carried out using the eight filter types (online Supplementary File Table S5)
and the two concentrations of sildenafil solution in D5W. Filtrate was collected as five separate,
consecutive 1 mL portions of solution to examine the influence of the volume of filtrate on the
drug recovery. Testing was carried out in triplicate and a new filter unit was used for each sample.

Based on the pilot study results, four filters were selected for further testing due to the
recovery data and/or clinical relevance of the filters (see online Supplementary File Table S5):
nylon (NY, 15 mm × 0.2 µm); Millex-GP (PES, polyethersulfone, 33 mm × 0.22 µm); Millex-GS
(MCE, mixed cellulose esters, 33 mm × 0.22 µm); inline filter (polyethersulfone 25 mm × 0.2
µm). Sildenafil commercial injection solution (60 and 600 mcg/mL in D5W) was tested in a
similar manner using a test volume of 4 mL (n = 3).

3. Results
3.1. HPLC Method Validation

The HPLC chromatograms revealed the sildenafil peak was well resolved from the
solvent and degradation product peaks in all stress conditions tested. Sildenafil eluted at
approximately 4.2 min whereas all degradation products eluted at less than 3 min (online
Supplementary File Figures S1–S5). Oxidation of sildenafil resulted in the most extensive
degradation profile, with a loss of 14.9% at the seventh day of exposure. Degradation
products were detected at 1.5, 1.7 and 2.9 min. Alkali degradation of sildenafil was found to
be 11.4% at the seventh day of exposure, with one degradation product detected at 0.9 min.
Exposure of sildenafil to acid, heat and light showed no detectable degradation peaks, with
post-exposure sildenafil drug concentrations of 98.5%, 103.6% and 99.2%, respectively.

The assay was linear for sildenafil in aqueous solution (n = 3) within the concentration
range 3–800 mcg/mL (r2 > 0.999) (online Supplementary File Figure S6). The LOD and
LLOQ for sildenafil were 0.96 and 2.9 mcg/mL, respectively. The HPLC method was
accurate and precise according to standard definitions [12], with accuracy being 100–105%
for all samples and precision (%RSD) being <4.2% for inter- and intra-assay samples (online
Supplementary File Table S3).

3.2. Sildenafil Compatibility
3.2.1. Sildenafil 600 mcg/mL

Sildenafil 600 mcg/mL was physically and chemically compatible with 29 of the
45 drugs tested at high-end clinical concentrations in the present study: alprostadil,
liposomal amphotericin, benzylpenicillin, caffeine (base), caffeine citrate, cefotaxime,
ciprofloxacin, clonidine, cloxacillin, dexmedetomidine, dobutamine, dopamine, epinephrine,
fentanyl, fluconazole, gentamicin, insulin, levetiracetam, linezolid, metronidazole, midazo-
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lam, milrinone, morphine hydrochloride, morphine sulfate, norepinephrine, paracetamol,
piperacillin/tazobactam, vancomycin and vecuronium (Table 1). However, sildenafil
600 mcg/mL was physically incompatible with 16 drugs and all 6 of the 2-in-1 PN solutions,
with precipitates and haziness occurring almost immediately (Table 1). In the first series
of re-testing sildenafil 600 mcg/mL with secondary drugs at lower, clinically relevant
concentrations, three of the combinations were found to be compatible (calcium gluconate
50 mg/mL; heparin 2 units/mL; hydrocortisone 1 mg/mL; Table 1). However, sildenafil
600 mcg/mL was incompatible with amoxicillin (100 mg/mL and 50 mg/mL), ampicillin
(100 mg/mL and 50 mg/mL) and meropenem (50 mg/mL and 25 mg/mL) (Table 1).
All physical incompatibilities were visible to the naked eye, except for the combination
with calcium gluconate (100 mg/mL) which required polarized light for clear visualisa-
tion. Photographs of selected incompatible drug combinations and their corresponding
photomicrographs can be found in the online Supplementary File (Figures S9–S12).

Table 1. Physicochemical compatibility of sildenafil 600 mcg/mL with secondary drugs and 2-in-1
parenteral nutrition solutions (see online Supplementary File Table S2 for details).

Secondary Drug Test Concentration Diluent P/C * SIL Ratio 95% CI of Ratio

Aciclovir 5 mg/mL D5W I a - -
Alprostadil 20 mcg/mL NS C 99.9 99.4–100.4
Amoxicillin 100 mg/mL WFI I b - -
Amoxicillin 50 mg/mL WFI I b - -

Amphotericin (Fungizone) 100 mcg/mL D5W I b - -
Amphotericin liposomal 2 mg/mL D5W C 99.9 99.0–100.8

Ampicillin 100 mg/mL WFI I b - -
Ampicillin 50 mg/mL WFI I b - -

Benzylpenicillin 100 mg/mL WFI C 101.2 99.7–102.7
Caffeine (base) 10 mg/mL U C 101.0 100.1–101.9
Caffeine citrate 20 mg/mL U C 100.4 99.6–101.2

Calcium gluconate 100 mg/mL U I c - -
Calcium gluconate 50 mg/mL NS C 100.0 99.1–100.8

Cefotaxime 100 mg/mL WFI C 102.1 99.9–104.3
Ciprofloxacin 2 mg/mL U C 101.3 100.3–102.2

Clonidine 2 mcg/mL NS C 99.7 99.1–100.4
Cloxacillin 100 mg/mL WFI C 101.1 100.2–102.0

Dexmedetomidine 1 mcg/mL NS C 100.0 98.9–101.1
Dobutamine hydrochloride 7.2 mg/mL NS C 99.9 99.1–100.7
Dobutamine hydrochloride 7.2 mg/mL D5W C 100.4 99.5–101.3

Dopamine 7.2 mg/mL NS C 100.5 99.9–101.0
Dopamine 7.2 mg/mL D5W C 100.7 100.2–101.3

Epinephrine 64 mcg/mL D5W C 99.9 99.3–100.5
Fentanyl 50 mcg/mL U C 98.2 95.4–100.9

Flucloxacillin 50 mg/mL D5W I d - -
Fluconazole 2 mg/mL U C 100.2 99.4–100.9
Furosemide 1 mg/mL D5W I b - -
Furosemide 0.2 mg/mL D5W I b - -
Gentamicin 10 mg/mL WFI C 101.9 101.3–102.5
Gentamicin 10 mg/mL NS C 102.2 100.4–104.0

Heparin 100 units/mL NS I d - -
Heparin 2 units/mL NS C 99.1 98.3–100.0

Hydrocortisone 10 mg/mL NS I a - -
Hydrocortisone 1 mg/mL NS C 99.7 93.2–106.1

Ibuprofen 5 mg/mL NS I e - -
Ibuprofen lysine 4 mg/mL NS I e - -

Indometacin 200 mcg/mL NS I e - -
Insulin 0.2 units/mL NS C 100.5 98.6–102.4

Levetiracetam 5 mg/mL NS C 99.7 98.8–100.6
Linezolid 2 mg/mL U C 98.8 97.8–99.8

Meropenem 50 mg/mL NS I b - -
Meropenem 25 mg/mL NS I b - -

Metronidazole 5 mg/mL U C 99.2 98.3–100.1
Midazolam 1 mg/mL U C 100.3 99.9–100.8
Midazolam 120 mcg/mL NS C 99.9 98.6–101.2
Midazolam 120 mcg/mL D5W C 100.5 99.6–101.4
Midazolam 500 mcg/mL NS C 100.5 98.4–102.7
Milrinone 400 mcg/mL D5W C 100.5 99.5–101.4

Morphine hydrochloride 200 mcg/mL D5W C 100.4 99.6–101.2
Morphine sulfate 200 mcg/mL D5W C 99.9 99.4–100.3
Norepinephrine 64 mcg/mL D5W C 100.1 99.2–101.0

Paracetamol 10 mg/mL U C 100.0 99.4–100.6
Phenobarbitone 20 mg/mL WFI I b - -

Piperacillin/tazobactam 200 mg/mL WFI C 101.6 101.0–102.2
Rifampicin 6 mg/mL NS I f - -
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Table 1. Cont.

Secondary Drug Test Concentration Diluent P/C * SIL Ratio 95% CI of Ratio

Sodium bicarbonate 4.2% w/v WFI I b - -
Vancomycin 10 mg/mL D5W C 100.4 99.4–101.4
Vecuronium 1 mg/mL WFI C 101.4 100.7–102.1

Parenteral nutrition PN 1 - - I a - -
Parenteral nutrition PN 2 - - I a - -
Parenteral nutrition PN 3 - - I a - -
Parenteral nutrition PN 4 - - I a - -
Parenteral nutrition PN 5 - - I a - -
Parenteral nutrition PN 6 - - I a - -

* P/C—Physicochemical compatibility; SIL—Sildenafil; C—Compatible; I—Incompatible; D5W—Glucose 5% w/v;
WFI—Water for injection; NS—Normal saline/sodium chloride 0.9% w/v; U—Undiluted. a—White precipitate appeared
5–10 min after mixing; b—White precipitate appeared immediately after mixing; c—Particles observed under polarized
light; d—Haze developed after mixing; e—Milky turbidity appeared immediately after mixing; f—Heavy precipitate
appeared immediately after mixing—Colour could not be determined as the solution was coloured.

3.2.2. Sildenafil 60 mcg/mL

Sildenafil 60 mcg/mL was physically compatible with all drug and PN fluid com-
binations except furosemide, meropenem and sodium bicarbonate (Table 2). The only
combination shown to be physically compatible and chemically incompatible was ibupro-
fen. By contrast, sildenafil 60 mcg/mL was physically and chemically compatible with
ibuprofen lysine.

Table 2. Physicochemical compatibility of secondary drugs and 2-in-1 parenteral nutrition solutions
tested with sildenafil 60 mcg/mL, their concentrations and diluents.

Secondary Drug Test Concentration Diluent P/C * SIL * Ratio 95% CI of Ratio

Aciclovir 5 mg/mL D5W R 105.8 105.2–106.4
Amoxicillin 100 mg/mL WFI R 105.9 105.4–106.4

Amphotericin (Fungizone) 100 mcg/mL D5W R 104.2 102.8–105.7
Ampicillin 100 mg/mL WFI R 105.8 105.0–106.5

Flucloxacillin 50 mg/mL D5W R 105.7 104.9–106.5
Furosemide 1 mg/mL D5W I a - -
Furosemide 0.2 mg/mL D5W I b - -

Heparin 100 units/mL NS C 99.3 98.7–99.9
Hydrocortisone 10 mg/mL NS C 99.8 99.5–100.0
Hydrocortisone 1 mg/mL NS C 99.8 99.3–100.3

Ibuprofen 5 mg/mL NS I 74.0 72.9–75.1
Ibuprofen lysine 4 mg/mL NS C 99.4 98.9–99.9

Indometacin 200 mcg/mL NS C 99.1 98.7–99.5
Meropenem 50 mg/mL NS I b - -
Meropenem 25 mg/mL NS I b - -

Phenobarbitone 20 mg/mL WFI R 104.3 103.1–105.6
Rifampicin 6 mg/mL NS R 102.4 101.5–103.3

Sodium bicarbonate 4.2% w/v WFI I c - -
Sodium bicarbonate 4.2% w/v NS I c - -
Sodium bicarbonate 4.2% w/v D5W I c - -

Parenteral nutrition PN 1 - - R 103.9 103.3–104.6
Parenteral nutrition PN 2 - - R 105.4 104.2–106.6
Parenteral nutrition PN 3 - - R 105.7 104.9–106.4
Parenteral nutrition PN 4 - - R 104.8 103.8–105.9
Parenteral nutrition PN 5 - - R 105.5 104.8–106.2
Parenteral nutrition PN 6 - - R 106.6 105.3–107.8

* P/C—Physicochemical compatibility; SIL—Sildenafil; C—Compatible; I—Incompatible; R—Re-test by filtration
(see Table 3); D5W—Glucose 5% w/v; WFI—Water for injection; NS—Normal saline/sodium chloride 0.9% w/v;
U—Undiluted. Bold SIL ratio shows chemical incompatibility. a—White precipitate appeared 1 h after mixing;
b—Particles observed under polarized light; c—Haze developed after mixing.

Thirteen drug combinations with sildenafil 60 mcg/mL, including the six PN solutions,
resulted in sildenafil ratios >102% (Table 2). These combinations were re-tested, after
filtering the combinations and control samples using nylon filters (Table 3). Apart from
aciclovir and rifampicin (which were classified as compatible), all re-tested combinations of
sildenafil with secondary drugs and PN solutions produced a significantly lower sildenafil
ratio after filtration. The sildenafil ratio (filtered) was in the range of 90–110% for amoxicillin,
ampicillin, phenobarbitone and three PN solutions; hence these combinations also were
classified as compatible (Table 3). However, as the sildenafil ratio (filtered) was <90% for
amphotericin, flucloxacillin and three PN solutions, possibly due to a sub-visible precipitate
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being filtered by the nylon filters (personal communication, C Locher and EKY Tang), these
combinations were classified as incompatible (Table 3).

Table 3. Re-testing of drug combinations with sildenafil 60 mcg/mL in which SIL ratio (Table 2)
was > 102%. Combinations considered compatible if sildenafil filtered ratio was in range of 90–110%
(nylon filters; see methods for further details).

Secondary Drug Test Concentration SIL * Ratio
(Unfiltered)

95% CI of
Ratio

(Unfiltered)

SIL * Ratio
(Filtered)

95% CI of Ratio
(Filtered) P/C *

Aciclovir 5 mg/mL 107.1 106.3–108.0 106.1 104.2–108.0 C
Amoxicillin 100 mg/mL 105.9 103.6–108.1 98.3 95.4–101.3 C

Amphotericin
(Fungizone) 100 mcg/mL 105.8 104.8–106.8 78.3 75.1–81.5 I

Ampicillin 100 mg/mL 102.6 100.0–105.2 94.4 92.2–96.5 C
Flucloxacillin 50 mg/mL 106.1 104.4–107.9 84.9 82.0–87.8 I

Phenobarbitone 20 mg/mL 102.8 100.8–104.8 95.5 92.7–98.3 C
Rifampicin 6 mg/mL 102.7 100.5–104.8 108.6 106.0–111.2 C

Parenteral nutrition PN 1 - 107.0 106.0–108.1 87.5 86.5–88.6 I
Parenteral nutrition PN 2 - 105.5 104.6–106.3 91.2 89.3–93.2 C
Parenteral nutrition PN 3 - 105.9 105.1–106.7 94.1 92.0–96.1 C
Parenteral nutrition PN 4 - 106.9 106.1–107.6 77.9 72.4–83.5 I
Parenteral nutrition PN 5 - 105.8 105.1–106.6 94.0 92.5–95.5 C
Parenteral nutrition PN 6 - 106.2 105.1–107.4 88.9 87.2–90.6 I

* SIL—Sildenafil; P/C—Physicochemical compatibility; C—Compatible; I—Incompatible.

3.3. Absorption/Adsorption Loss of Sildenafil by Filter Material

The pilot study using 8 filters and 5 mL sildenafil solution showed the lowest drug
recovery was in the first millilitre of the filtrate in all filters studied. For sildenafil
600 mcg/mL solution, the first millilitre had a drug recovery >90% in all filters tested
(online Supplementary File Figure S7). In the second to fifth millilitres, drug recovery was
>98%. However, for sildenafil 60 mcg/mL solution, only the nylon, polypropylene and
inline ‘lipid’ filters showed a drug recovery of >90% in the first millilitre of the filtrate.
All filter types showed a drug recovery >94% in the remainder of the sildenafil 60 mcg/mL
filtrate (online Supplementary File Figure S8).

The filter test results obtained using the sildenafil commercial injection solution
(600 mcg/mL) revealed that all filter types tested (NY, PES, MCE and Inline PES) showed a
drug recovery >90% in the first millilitre of the filtrate (Figure 1). One way ANOVA results
showed a statistically significant difference in drug recovery in the first millilitre compared
to the remainder of the filtrate (p < 0.05).

          
 

 

                 
              

       

       
 

    
  

 

    
 

   
  

 
  

        
        

         
        

        
        

          
          
          
          
          
          
          

      

         
               
                
               

              
            

                 
               

      
            
               

                
            

           

 
              

             
Figure 1. Recovery (%) of sildenafil 600 mcg/mL injection solution from sterilising filters. Sildenafil
concentration was determined from each of four successive millilitres of solution passed through
filters (• nylon; # polyethersulfone; ▼ mixed cellulose esters; △ inline polyethersulfone; see online
Supplementary File Table S5 for further details). Data are mean ± SD (n = 3).
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However, in the sildenafil 60 mcg/mL solution PES, MCE and inline filters showed
a drug recovery <80% in the first millilitre of the filtrate (Figure 2). The drug recovery
was >97% in all millilitre portions of the filtrate when the nylon filters were used and no
statistically significant difference in drug recovery was observed between any millilitre
portions. The first millilitre of the filtrate had a statistically significantly lower drug recovery
(p < 0.05) than the remaining filtrate in all other filters used.

          
 

 

              
               

              
                
                

           
              

            

 
              

             
              

               

  
            

            
              

              
      

            
            

               
            

           
         

              
              

            
             

            
            
            

             
            
         

Figure 2. Recovery (%) of sildenafil 60 mcg/mL injection solution from sterilising filters. Sildenafil
concentration was determined from each of four successive millilitres of solution passed through
filters (• nylon; # polyethersulfone; ▼ mixed cellulose esters; △ inline polyethersulfone; see online
Supplementary File Table S5 for further details). Data are mean ± SD (n = 3).

4. Discussion

Our study has demonstrated that sildenafil 600 mcg/mL injection was physically and
chemically compatible with 29 IV drugs at high-end, clinically relevant concentrations
for NICU settings (Table 1). None of these drugs were tested at lower concentrations or
against sildenafil 60 mcg/mL in the present study. Rather, it was concluded that lower
drug concentrations would also be compatible.

Sixteen of the secondary drugs (at their standard or high-end clinically relevant con-
centration), and all six 2-in-1 PN solutions, were physically incompatible with sildenafil
600 mcg/mL (Table 1). Nine of these sixteen drugs were evaluated at only one relevant
concentration and subsequently tested against sildenafil 60 mcg/mL. A further four were
evaluated at lower, clinically relevant concentrations and found to be physically incompati-
ble (amoxicillin, ampicillin, furosemide and meropenem); hence, sildenafil 600 mcg/mL
was deemed incompatible with 13 of the 45 IV drugs at concentrations relevant to NICU
settings. However, sildenafil 600 mcg/mL was found to be compatible with three drugs at
low concentrations (calcium gluconate 50 mg/mL, heparin 2 units/mL and hydrocortisone
1 mg/mL; Table 1), which could be co-administered at these lower, clinically relevant
concentrations if required. The results for heparin align with previous data indicating that
heparin was incompatible at higher concentration (100 units/mL) [8] and compatible at a
lower concentration (1 unit/mL) [9]. Furthermore, the calcium gluconate concentration
used for urgent correction of hypocalcaemia is 50 mg/mL [13] and this concentration was
found to be physicochemically compatible with sildenafil 600 mcg/mL. Hence, calcium
gluconate was not tested with sildenafil 60 mcg/mL.

Fifteen drugs and the six 2-in-1 PN solutions were tested against the lower sildenafil
concentration of 60 mcg/mL, which is used in preterm infants [3]. Four drugs showed phys-
ical and chemical compatibility, three were physically incompatible and one (ibuprofen)
was chemically incompatible (Table 2). The remaining seven drugs and the PN solutions
were found to have sildenafil ratios >102%. Although there was no visible or microscopic
evidence of precipitation (including Tyndall beam and magnified polarised light obser-
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vation), we were aware of unpublished data suggesting sub-visible precipitates for other
drug combinations (personal communication, C Locher and EKY Tang). Therefore, a series
of filter validation studies were conducted which identified 0.2 µm nylon filters as the
most suitable, and these combinations were investigated before and after filtering (Table 3).
Based on pre-determined criteria for the 90–110% sildenafil ratio (filtered), it was concluded
that aciclovir, amoxicillin, ampicillin, phenobarbitone and rifampicin were compatible with
sildenafil 60 mcg/mL, but amphotericin and flucloxacillin were incompatible. Three of the
PN solutions were also classified as compatible, however, there were no notable features of
these three formulations (#2, #3 and #5) compared to the incompatible formulations and
further investigation of this finding was beyond the scope of the present study.

Physical incompatibilities in the present study ranged from florid precipitation to hazy
fluids and potential sub-visible precipitation. The former were generally visible to the
naked eye, where the limit of detection is approximately 100 µm for discrete particles and
10 µm for hazy or cloudy fluids [21], the observation of which may be enhanced by polarised
light [10] or Tyndall beam [22]. Sub-visible particles in the order of 1–2 µm also may be
detected by the visual enhancement techniques or light microscopy, however, it has been
postulated that incompatible drug combinations could cause nano- or micro-precipitation,
ostensibly <1 µm (personal communication, C Locher and EKY Tang). In the present study,
sub-detectable precipitation may explain the substantially lower sildenafil ratio after 0.2 µm
filtration for amphotericin, flucloxacillin and three PN solutions. Although the clinical
impact of injection of particulate matter <1 µm is unclear, the pre-determined criteria for
the sildenafil ratio (outside the range of 90–110%) was applied in the present study to define
incompatible drug combinations and recommend avoidance in NICU clinical settings.

The present study included some potential limitations that are consistent with pre-
vious investigations of physicochemical compatibility. For example, due to the resource
constraints and unclear interpretation or clinical significance of pH changes [23], the de-
termination of pH was not performed (the volume of drug solutions required for pH
determination would be >5 mL, and placing a wet pH probe into consecutive samples
would reduce the drug concentration and may produce false results). As pH changes
may contribute to chemical reaction [24] or altered drug solubility [25], the use of HPLC
analysis in the present physicochemical study would likely counter the need for pH anal-
ysis. Another potential issue was conducting HPLC analysis only for the primary drug
(sildenafil). This is consistent with previous IV physicochemical compatibility studies
where a large number of secondary drugs have been tested [26–29]. However, there are
some reports where both the primary and secondary drugs have been assayed, typically in
studies where a modest range of secondary drugs have been tested [8,16,18]. HPLC analysis
of both the primary and secondary IV drugs would have significant cost and complexity
implications, to ensure validated HPLC assays were developed for each secondary drug.
Consequently, we assumed that physicochemical incompatibility would cause a decline in
the concentration of both IV drugs and be detected by HPLC assay of the primary drug.
Nevertheless, there may be situations where quantifying the secondary drug concentration
is of potential value if chemical incompatibility is suspected or inconclusive results require
further investigation.

A potential limitation related to clinical interpretation of the present study was the
drug combination contact time of 2 h, which was based on a previous report that 60 min was
a plausible maximum contact time for two drug solutions in the IV tubing from the Y-site
to the tip of a cannula in NICU settings [30]. By comparison, a four hour study duration
is commonly used for drug compatibility studies and may be applicable to other clinical
settings [14–17,31–35]. A further clinical consideration is that the present study and most
IV compatibility research has been conducted at room temperature [31,32,34–36], which is
comparable to the ambient temperature in the majority of clinical settings, including NICU.
However, whilst the IV drugs in syringes (or other delivery devices) and a proportion of
the IV tubing in NICU will most likely be at room temperature, part of the IV tubing may
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be inside a humidicrib at up to 37 ◦C and some recent IV compatibility studies have been
conducted at elevated temperature to simulate the humidicrib environment [8,37].

5. Conclusions

Sildenafil 600 mcg/mL was physicochemically compatible with approximately 70% of
the 45 clinically relevant IV drugs used in NICU settings that were tested in the present study.
A further seven drugs were compatible with sildenafil 60 mcg/mL. Six drugs (amphotericin,
flucloxacillin, furosemide, ibuprofen, meropenem and sodium bicarbonate) were incompatible
with sildenafil and should not be co-administered via Y-site infusions. Six 2-in-1 PN solutions
were incompatible with sildenafil 600 mcg/mL; however, three appeared to be compatible
with sildenafil 60 mcg/mL and three were deemed incompatible. Sildenafil solution was
compatible with nylon syringe filters; however, absorption/adsorption loss from the first
millilitre of filtrate occurred with polyethersulfone and cellulose ester filters, which should be
avoided for small volumes and/or low concentrations of sildenafil solution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics16030419/s1, Figure S1: Sildenafil 600 mcg/mL
exposure to 20% v/v hydrogen peroxide; Figure S2: Sildenafil 600 mcg/mL exposure to 4 M NaOH;
Figure S3: Sildenafil 600 mcg/mL exposure to 4 M HCl; Figure S4: Sildenafil 600 mcg/mL in water
(1:1 v/v) exposure to heat; Figure S5: Sildenafil 600 mcg/mL in water (1:1 v/v) exposure to laboratory
fluorescent lighting 24/7 and normal daylight; Figure S6: Linearity curve for sildenafil solution in
aqueous solution within the concentration range 3–800 mcg/mL (n = 3); Figure S7: Sildenafil per-
centage recovery by different filters using the 600 mcg/mL solution; Figure S8: Sildenafil percentage
recovery by different filters using the 60 mcg/mL solution; Figure S9: Photograph and corresponding
photomicrograph of physical incompatibility (white precipitate) of sildenafil 600 mcg/mL with
furosemide 1 mg/mL; Figure S10: Photograph and corresponding photomicrograph of physical
incompatibility (haze) of sildenafil 600 mcg/mL with heparin 100 units/mL; Figure S11: Photograph
and corresponding photomicrograph of physical incompatibility (precipitate in an originally coloured
solution) of sildenafil 600 mcg/mL with rifampicin 6 mg/mL; Figure S12: Photograph and corre-
sponding photomicrograph of physical incompatibility (particles under polarized light) of sildenafil
600 mcg/mL with calcium gluconate 100 mg/mL Table S1: Manufacturers/suppliers of injectable
products used for compatibility studies; Table S2: Composition of the 2-in-1 parenteral nutrition
solutions, manufactured at King Edward Memorial Hospital; Table S3: Accuracy, intra-assay and
inter-assay precision data for selected sildenafil concentrations; Table S4: Robustness test results for
deliberate changes in method parameters; Table S5: Syringe filter types tested, the membrane and
mesh size description.
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In accordance with international treatment guidelines [9], 
the intravenous (IV) dosage regimen for caffeine (expressed as 
caffeine base) in neonates comprises a loading dose of 20 mg/
kg (once only) and a maintenance dose of 5 to 7.5 mg/kg once 
daily (maximum 10 mg/kg/day) commencing 24 h after the 
loading dose. For typical loading doses, a caffeine concentra-
tion of 10 mg/mL (undiluted product) is administered by IV 
infusion over 30 min and for the maintenance dose, 5 mg/mL 
caffeine injection is infused over 10 min [10].

In neonatal intensive care unit (NICU) settings, multiple IV 
medications are often co-administered at high concentrations 
and low flow rates via Y-site (three-way) connectors [11, 12]. 
As these drugs are mixed in the IV tubing, physicochemical 
compatibility of co-administered drugs is an important consid-
eration to avoid adverse clinical outcomes [12–14].

Compatibility information for caffeine citrate is mostly 
related to visually observable physical changes [15, 16]. 
Chemical compatibility for caffeine citrate is limited to very 
few drugs, reported in compendia from the manufacturer’s 
product information, including dopamine, fentanyl, heparin 
and calcium gluconate [17]. Stability data for caffeine base 
injection with parenteral nutrition (PN) solutions, IV fluids 
and admixtures have been reported [18]; however, there is 
a paucity of comprehensive physicochemical compatibility  
studies of caffeine base injection with other IV drugs.  
Caffeine base injection (10  mg/mL) is generally not  
commercially available, and this product is typically prepared 
by pharmaceutical compounding facilities as an isotonic  
formulation with a pH similar to caffeine citrate injection.

Our objective was to investigate the physicochemical com-
patibility of caffeine citrate and caffeine base injection with a 
range of NICU drugs, at higher-end, clinically relevant con-
centrations and with selected 2-in-1 PN solutions.

Materials and methods

Caffeine (C8H10N4O2; MW 194.2; certified reference mate-
rial) was purchased from Sigma-Aldrich Chemicals, St 
Louis, MO, USA. High-performance liquid chromatogra-
phy (HPLC) grade acetonitrile was from Fisher Scientific, 
Fair Lawn, NJ, USA. All other laboratory chemicals were 
of analytical grade.

Caffeine citrate injection (20  mg/mL; equivalent to 
10 mg/mL of caffeine base; Phebra Pty Ltd, Australia) and 
caffeine base injection (10 mg/mL; Perth Children’s Hospi-
tal, Australia) were tested against 43 secondary drugs and 
six 2-in-1 PN solutions, all of clinical grade (see Online 
Resource 1 for the list of drug manufacturers and composi-
tion of the PN solutions — Tables S1 and S2). Secondary 
drugs were prepared as per local NICU drug administration 

guidelines [10], using preferred diluents. Drug concentra-
tions were based on the standard IV infusions for a patient 
weighing 2 kg.

The stability-indicating, HPLC assay method developed 
by Oliphant and colleagues [19] was modified and validated 
in accordance with the International Council for Harmoniza-
tion (ICH) guidelines [20], for the determination of caffeine 
concentration in the present study (see Online Resource 1, 
Section 2, for details).

Preparation of samples for physicochemical 
compatibility testing

Caffeine citrate and caffeine base injections were initially 
used undiluted (20 and 10 mg/mL concentrations respec-
tively). Secondary test drugs and 2-in-1 PN solutions were 
prepared/diluted in accordance with the manufacturer’s 
instructions or standard neonatal clinical protocols [10]. 
Medications originally contained in glass ampoules and 
medications requiring reconstitution were filtered with a 
0.22-µm syringe filter, before mixing (33 mm × 0.22 µm 
Polyethersulfone membrane, Millex-GP, Merk Millipore 
Ltd, Carrigtwohill, Co. Cork, Ireland).

A total of 43 drugs and 6 PN solutions were selected 
and endorsed by local clinical experts. These included drugs 
which were previously tested for physical compatibility, as 
compatible/incompatible controls.

Drug combinations were mixed at 1:1 volume ratio, to 
simulate Y-site administration, consistent with previously 
reported methods [15, 16, 21–24]. Drug preparation, mixing 
and testing were carried out at room temperature (22 °C).

The first stage of compatibility testing comprised a com-
bination of caffeine citrate 20 mg/mL and caffeine base 
injection 10 mg/mL (separately) with the secondary drug 
at clinically relevant ‘high-end’ concentrations consistent 
with NICU protocols and expert advice. If incompatibility 
was detected, the secondary drug was then tested using caf-
feine citrate 10 mg/mL solution (diluted in water for injec-
tion), which is the recommended concentration for mainte-
nance doses of caffeine [10]. If this combination also was 
incompatible, the next set of testing comprised caffeine 
citrate 20 mg/mL with the secondary drug at its ‘low-end’ 
concentration (if clinically applicable). Finally, the ‘lower-
end’ caffeine concentration (caffeine citrate 10 mg/mL) was 
tested with the secondary drug ‘lower-end’ concentration, if 
previous results indicated this could be relevant.

Clear glass HPLC vials (2 mL) with impermeable screw 
cap lids were used for each binary combination of drugs/
fluids and the respective control solutions. Initially, caffeine 
citrate and secondary drug combinations, and the control 
samples, were prepared as described below.
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Set 1 — Caffeine citrate injection solution (0.4 mL of 20 mg/
mL) and secondary test drug solution (0.4 mL); n = 3.
Set 2 — Caffeine citrate injection solution (0.4 mL of 
20 mg/mL) diluted with 0.4 mL of the diluent of the sec-
ondary test drug (n = 3) as the reference control solution 
for the purpose of visual comparison and HPLC assay of 
caffeine concentration.
Set 3 — The test drug solution (0.4 mL) diluted with 
0.4 mL of water for injection (n = 3) for the purpose of 
visual comparison.

The same experimental procedure was followed for 
caffeine base injection (10 mg/mL) and conducted as a 
parallel experiment.

Physical compatibility testing

All combinations were observed with an unaided eye 
against a black and white background for any change 
in colour, haze, precipitation and evolution of gas. The 
observations were carried out at time 0 (immediately after 
mixing), 5, 15, 60 and 120 min after mixing. Further, at 
time 0 and after 120 min, the samples were observed under 
a polarised light viewer (Apollo I Liquid Viewer with a 
LED light source and 1.7 × Magnifier, Adelphi Manufac-
turing Company Ltd, West Sussex, UK) for any precipita-
tion or particulate matter.

Physical incompatibility was based on the visual 
appearance in comparison to control solutions (sets 2 
and 3). Inconclusive observations were confirmed by a 
second independent observer and all physically incom-
patible combinations were photographed. If precipitation 
or particles were observed in the drug combination vials, 
an aliquot was examined under light microscopy (Leica 
MC190HD, 40 × magnification, Leica Microsystems Ltd, 
Heerbrugg, Switzerland).

Chemical compatibility testing

If any physical incompatibility was observed (e.g. pre-
cipitate), the combinations were not subject to chemical 
compatibility testing, to avoid contamination of the HPLC 
system. Samples from sets 1 and 2 were analysed by HPLC 
after 2 h of observation. The ratio of the mean peak areas 
was determined, and the 95% confidence interval (CI) of 
the ratio was calculated using the confidence limits from 
a two-sided t-test (α = 0.05; SigmaPlot V.15; Inpixon 
GmbH, Düsseldorf, Germany). Consistent with previous 
studies, incompatibility of caffeine to drug combinations 
was defined as a ratio of the mean peak area outside the 
range of 90–110% [25–28].

Results

Six of the 43 secondary drugs tested (aciclovir, ampho-
tericin (liposomal), furosemide, hydrocortisone, ibuprofen 
and ibuprofen lysine) were physically incompatible with 
caffeine citrate undiluted injection, at their ‘high-end’ 
clinically relevant concentrations (Table 1). Two of the 
incompatible drugs were also tested at ‘low-end’ clini-
cally relevant concentrations: hydrocortisone (1 mg/mL) 
was physicochemically compatible with caffeine citrate; 
however, furosemide (0.2 mg/mL) was physically incom-
patible (Table 1). All of the drugs which showed physical 
incompatibility with caffeine citrate undiluted injection 
were also physically incompatible with caffeine citrate 
10 mg/mL solution (Table 2).

Most of the physical incompatibilities were visible 
to the unaided eye (Online Resource 1 for photographs, 
Figs. S3–S8), except the combinations with furosemide 
0.2 mg/mL, which required observation under polarised 
light. As amphotericin (liposomal) was originally a pale-
yellow hazy mixture, the incompatibility observed was an 
increase in the opacity in comparison to the control mixtures 
(Online Resource1; Fig. S4).

Further investigation of the incompatibility findings was 
conducted by mixing the six secondary drugs (separately, as 
described in the “Preparation of samples for physicochemi-
cal compatibility testing” section) with citrate buffer pH 
4.5 (citric acid monohydrate 5 mg/mL and sodium citrate 
dihydrate 8.3 mg/mL in water). The same physical incom-
patibility characteristics (precipitation/haze) were observed 
with all six secondary drugs (Online Resource 1; Fig. S9), 
therefore indicating the citrate buffer was the cause of the 
incompatibility with caffeine citrate injection.

In contrast to the caffeine citrate data, all 43 secondary 
drugs and 6 PN solutions tested were physicochemically 
compatible with caffeine base injection (Table 3).

To complement the above results, the osmolality of the 
caffeine citrate 20 mg/mL and caffeine base 10 mg/mL 
injections was tested and found to be 142 and 269 mOsm/
kg, respectively (Osmomat 030 Cryoscopic Osmometer; 
Gonotec GmbH, Berlin, Germany). By comparison, a recent 
report indicated that caffeine citrate 20 mg/mL oral solution 
had an osmolality of 150 mOsm/kg [29].

Discussion

The present study has shown that 37 IV drugs tested in 
a simulated Y-site study design at ‘high-end’, clinically 
relevant concentrations for NICU settings were physically 
and chemically compatible with caffeine citrate 20 mg/mL 
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Table 1   Physicochemical 
compatibility of caffeine citrate 
20 mg/mL (10 mg/mL caffeine 
base) with secondary drugs 
2-in-1 parenteral nutrition 
solutions (see Table S2 for 
details)

Secondary drug Test concentration Diluent PC CAF ratio 95% CI of ratio

Aciclovir 5 mg/mL D5W Ia - -
Alprostadil 20 mcg/mL NS C 99.9 98.1–101.7
Amoxicillin 100 mg/mL WFI C 99.9 99.1–100.8
Amphotericin (Fungizone) 100 mcg/mL D5W C 98.8 97.1–100.6
Amphotericin liposomal 2 mg/mL D5W Ib - -
Ampicillin 100 mg/mL WFI C 99.8 98.9–100.7
Benzylpenicillin 100 mg/mL WFI C 100.6 99.4–101.7
Calcium gluconate 100 mg/mL U C 99.5 98.2–100.9
Cefotaxime 100 mg/mL WFI C 100.2 99.3–101.2
Ciprofloxacin* 2 mg/mL U C 100.2 99.5–100.9
Clonidine 2 mcg/mL NS C 99.6 98.2–101.0
Cloxacillin 100 mg/mL WFI C 100.1 98.2–101.9
Dobutamine 7.2 mg/mL NS C 100.1 99.3–100.9
Dobutamine 7.2 mg/mL D5W C 100.0 98.8–101.3
Dopamine 7.2 mg/mL NS C 100.0 99.4–100.6
Dopamine 7.2 mg/mL D5W C 100.6 99.3–101.8
Dexmedetomidine 1 mcg/mL NS C 99.7 98.4–101.1
Epinephrine 64 mcg/mL D5W C 100.1 99.5–100.7
Fentanyl 50 mcg/mL U C 99.8 98.7–101.0
Flucloxacillin 50 mg/mL D5W C 99.2 96.9–101.5
Fluconazole 2 mg/mL U C 99.5 98.6–100.5
Furosemide 1 mg/mL D5W Ia - -
Furosemide 0.2 mg/mL D5W Ic - -
Gentamicin 10 mg/mL NS C 99.6 99.1–100.1
Heparin 100 units/mL NS C 99.7 98.5–100.8
Hydrocortisone 10 mg/mL NS Ia - -
Hydrocortisone 1 mg/mL NS C 99.6 97.5–101.7
Indometacin 200 mcg/mL NS C 99.5 98.7–100.3
Ibuprofen 5 mg/mL NS Id - -
Ibuprofen lysine 4 mg/mL NS Id - -
Insulin 0.2 units/mL NS C 99.7 98.8–100.6
Levetiracetam 5 mg/mL NS C 99.5 99.0–100.0
Linezolid 2 mg/mL U C 99.9 98.8–100.9
Meropenem 50 mg/mL NS C 98.9 97.1–100.8
Metronidazole 5 mg/mL U C 99.9 98.9–101.0
Midazolam 1 mg/mL U C 99.5 97.8–101.3
Milrinone 400 mcg/mL D5W C 100.2 99.7–100.8
Morphine hydrochloride 200 mcg/mL D5W C 99.8 98.4–101.2
Morphine sulfate 200 mcg/mL D5W C 100.6 99.5–101.8
Norepinephrine 64 mcg/mL D5W C 100.3 99.7–101.0
Paracetamol 10 mg/mL U C 100.2 99.3–101.1
Phenobarbitone 20 mg/mL WFI C 99.8 99.0–100.6
Piperacillin/tazobactam 200 mg/mL WFI C 99.8 98.8–100.7
Rifampicin 6 mg/mL NS C 100.4 98.6–102.1
Sodium bicarbonate 4.2% w/v D5W C 99.4 98.9–99.8
Vancomycin 10 mg/mL D5W C 99.3 97.8–100.8
Vecuronium 1 mg/mL WFI C 99.7 99.4–100.1
Parenteral nutrition PN 1 - - C 99.2 97.7–100.8
Parenteral nutrition PN 2 - - C 100.5 99.1–102.0
Parenteral nutrition PN 3 - - C 99.6 98.9–100.2
Parenteral nutrition PN 4 - - C 99.9 98.9–101.0
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injection (Table 1). The apparent cause of the incompat-
ibility of caffeine citrate injection with aciclovir, ampho-
tericin (liposomal), furosemide, hydrocortisone, ibuprofen 
and ibuprofen lysine injections was found to be the citrate 
buffer component. By comparison, all 43 drugs were com-
patible with caffeine base 10 mg/mL injection (Table 3). 
Caffeine citrate and base injections were also compatible 
with six 2-in-1 parenteral nutrition solutions.

Although physical compatibility information for caf-
feine citrate with a range of IV drugs has been reported, a 
modest compilation of chemical compatibility data from 
manufacturers’ information (for dopamine, fentanyl, hepa-
rin and calcium gluconate) is available in contemporary 
guidelines [17]. Consistent with these data, our study dem-
onstrated physicochemical compatibility of caffeine citrate 
injection with calcium gluconate, dopamine, fentanyl and 
heparin, albeit at different concentrations and/or experi-
mental conditions. For example, a mixture of caffeine cit-
rate 20 mg/mL and calcium gluconate 100 mg/mL was 
previously found to be physically compatible for 4 [16] 
and 24 h [17] at room temperature, and chemically stable 

for 24 h at room temperature [17]. These findings provide 
useful confirmation of our results that caffeine citrate and 
calcium gluconate injections were physicochemically com-
patible for 2 h at room temperature.

Heparin has previously been investigated at 1 unit/mL 
(in glucose 5% w/v; D5W), 10 units/mL and 1000 units/
mL in combination with caffeine citrate and shown to be 
physically compatible [15–17]. The present study com-
plements these reports by demonstrating that heparin 100 
units/mL was physicochemically compatible with caffeine 
citrate, for 2 h at room temperature (Table 1).

Fentanyl 10 mcg/mL (in D5W) was reported to be com-
patible and stable with caffeine citrate for 24 h at room 
temperature [17], and two studies have confirmed that 
fentanyl 50 mcg/mL was physically compatible for 4 h 
at room temperature [15, 16]. Furthermore, meropenem 
50 mg/mL was recently found to be physically compat-
ible with caffeine citrate injection for 4 h [30]. Hence, 
these results also are complemented by the present study, 
whereby fentanyl 50 mcg/mL and meropenem 50 mg/mL 
(separately) were found to be physically and chemically 
compatible with caffeine citrate injection (Table 1).

The present study also provides evidence of incompat-
ibility between caffeine citrate injection (10 mg/mL and 
20 mg/mL) and both ibuprofen (5 mg/mL) and ibupro-
fen lysine (4 mg/mL), the combinations of which resulted 
in turbidity immediately after mixing (Figs. S7 and S8). 
Although ibuprofen has not been studied previously for 
physicochemical compatibility, ibuprofen lysine 20 mg/mL 
was reported to be physically incompatible due to milky 
white precipitation upon mixing [31].

A range of inconsistent caffeine citrate compatibility data 
have been reported, some of which may be concentration-
dependent or related to the experimental procedures (e.g. 
duration of admixture or physical methods used to determine 
compatibility), or the composition of the IV drug formula-
tion [16]. For example, dopamine 0.6 mg/mL (in D5W) was 
reported to be compatible and stable with caffeine citrate 
for 24 h at room temperature [17], and a higher concentra-
tion (80 mg/mL) was found to be visually compatible for 

PC physical compatibility, CAF caffeine, C compatible, I  incompatible, D5W glucose 5%, WFI water for 
injection, NS normal saline/ 0.9% sodium chloride, U undiluted
*Ciprofloxacin was also tested at 4 h to obtain a caffeine ratio of 99.6% and a 95% CI of ratio 98.1–101.1%
a A white precipitate appeared 10–15 min after mixing
b A higher opacity observed in the combination samples in comparison to controls
c Particles observed under polarised light after 30 min of mixing
d A milky turbidity appeared immediately after mixing

Table 1   (continued) Secondary drug Test concentration Diluent PC CAF ratio 95% CI of ratio

Parenteral nutrition PN 5 - - C 100.5 99.4–101.6
Parenteral nutrition PN 6 - - C 99.7 98.8–100.6

Table 2   Physicochemical compatibility of caffeine citrate 10 mg/mL 
(5 mg/mL caffeine base) with secondary drugs

PC physical compatibility, I incompatible, D5W glucose 5% w/v, NS nor-
mal saline (sodium chloride 0.9% w/v)
a A white precipitate appeared 10–15 min after mixing
b A higher opacity observed in the combination samples in compari-
son to controls
c Particles observed under polarised light after 30 min of mixing
d A milky turbidity appeared immediately after mixing

Secondary drug Test concentration Diluent PC

Aciclovir 5 mg/mL D5W Ia

Amphotericin liposomal 2 mg/mL D5W Ib

Furosemide 1 mg/mL D5W Ia

Furosemide 0.2 mg/mL D5W Ic

Hydrocortisone 10 mg/mL NS Ia

Ibuprofen 5 mg/mL NS Id

Ibuprofen lysine 4 mg/mL NS Id
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Table 3   Physicochemical 
compatibility of caffeine 
base injection 10 mg/mL 
with secondary drugs 2-in-1 
parenteral nutrition solutions 
(see Table S2 for details)

PC physical compatibility, CAF caffeine, C compatible, D5W glucose 5% w/v, WFI water for injection, NS nor-
mal saline (sodium chloride 0.9% w/v), U undiluted

Secondary drug Test concentration Diluent PC CAF ratio 95% CI of ratio

Aciclovir 5 mg/mL D5W C 99.9 98.4–101.4
Alprostadil 20 mcg/mL NS C 99.4 97.8–101.1
Amoxicillin 100 mg/mL WFI C 100.3 99.6–100.9
Amphotericin (Fungizone) 100 mcg/mL D5W C 101.2 98.9–103.5
Amphotericin liposomal 2 mg/mL D5W C 100.2 98.8–101.6
Ampicillin 100 mg/mL WFI C 100.3 98.5–102.1
Benzylpenicillin 100 mg/mL WFI C 100.2 98.7–101.6
Calcium gluconate 100 mg/mL U C 100.3 99.1–101.5
Cefotaxime 100 mg/mL WFI C 99.4 96.9–101.8
Ciprofloxacin 2 mg/mL U C 99.7 99.1–100.3
Clonidine 2 mcg/mL NS C 99.6 98.2–101.1
Cloxacillin 100 mg/mL WFI C 100.7 99.6–101.7
Dobutamine 7.2 mg/mL NS C 100.8 98.4–103.2
Dobutamine 7.2 mg/mL D5W C 100.0 99.2–100.8
Dopamine 7.2 mg/mL NS C 100.6 99.6–101.5
Dopamine 7.2 mg/mL D5W C 100.7 99.3–102.1
Dexmedetomidine 1 mcg/mL NS C 100.9 99.8–102.0
Epinephrine 64 mcg/mL D5W C 99.9 99.3–100.4
Fentanyl 50 mcg/mL U C 100.0 98.7–101.4
Flucloxacillin 50 mg/mL D5W C 99.8 98.4–101.3
Fluconazole 2 mg/mL U C 99.6 98.6–100.6
Furosemide 1 mg/mL D5W C 100.4 99.2–101.7
Gentamicin 10 mg/mL NS C 99.8 98.9–100.7
Heparin 100 units/mL NS C 100.1 99.4–100.8
Hydrocortisone 10 mg/mL NS C 100.6 99.2–101.9
Indometacin 200 mcg/mL NS C 100.4 99.6–101.2
Ibuprofen 5 mg/mL NS C 99.8 98.5–101.2
Ibuprofen lysine 4 mg/mL NS C 99.9 98.7–101.0
Insulin 0.2 units/mL NS C 101.2 98.3–104.2
Levetiracetam 5 mg/mL NS C 101.1 100.2–102.0
Linezolid 2 mg/mL U C 100.4 97.8–103.0
Meropenem 50 mg/mL NS C 99.8 98.8–100.7
Metronidazole 5 mg/mL U C 100.4 99.5–101.3
Midazolam 1 mg/mL U C 99.5 98.8–100.2
Milrinone 400 mcg/mL D5W C 99.4 98.2–100.5
Morphine hydrochloride 200 mcg/mL D5W C 99.9 98.8–101.0
Morphine sulfate 200 mcg/mL D5W C 99.6 98.3–101.0
Norepinephrine 64 mcg/mL D5W C 99.7 99.1–100.4
Paracetamol 10 mg/mL U C 100.0 99.6–100.5
Phenobarbitone 20 mg/mL WFI C 100.5 98.9–102.0
Piperacillin/tazobactam 200 mg/mL WFI C 100.0 99.0–101.0
Rifampicin 6 mg/mL NS C 101.4 99.1–103.6
Sodium bicarbonate 4.2% w/v D5W C 99.3 98.4–100.3
Vancomycin 10 mg/mL D5W C 99.9 98.1–101.6
Vecuronium 1 mg/mL WFI C 100.3 98.6–102.0
Parenteral nutrition PN 1 - - C 100.1 99.1–101.1
Parenteral nutrition PN 2 - - C 100.3 98.2–102.4
Parenteral nutrition PN 3 - - C 99.3 98.0–100.7
Parenteral nutrition PN 4 - - C 99.7 98.2–101.2
Parenteral nutrition PN 5 - - C 100.6 99.3–101.9
Parenteral nutrition PN 6 - - C 99.3 97.6–101.1



1085European Journal of Clinical Pharmacology (2024) 80:1079–1087	

4 h at 25 °C [15]. By contrast, Audet and colleagues [16] 
reported that dopamine 3.2 mg/mL was physically incom-
patible with caffeine citrate, due to a ‘yellowish tint’ colour 
change immediately after mixing. However, in the present 
study, dopamine 7.2 mg/mL (in both D5W and 0.9% sodium 
chloride; NS) was physically and chemically compatible 
with caffeine citrate for 2 h after mixing (Table 1). Further-
more, for direct comparison with the previous report [16], 
we investigated the combinations of caffeine citrate 20 mg/
mL injection with dopamine 3.2 and 1.2 mg/mL (in NS) 
and found no evidence of physicochemical incompatibility 
(physically compatible with no observed colour change and 
caffeine ratios of 99.4% and 99.1%, respectively).

Conflicting data regarding the compatibility of caffeine 
citrate with furosemide 10 mg/mL and aciclovir 50 mg/mL 
(separately) also have been reported, with one study finding 
the combinations were physically compatible [16], and an ear-
lier study indicating they were physically incompatible, due 
to immediate precipitation [15]. By comparison, the present 
study has shown that lower, clinically relevant concentrations 
of these drugs (furosemide 1 and 0.2 mg/mL, and aciclovir 
5 mg/mL) were physically incompatible with caffeine cit-
rate, as the combinations produced a white precipitate within 
15 min of mixing (Table 1 and Figs. S3 and S5). These results 
may indicate concentration-dependent physical incompatibil-
ity for mixtures of caffeine citrate and furosemide or aciclovir, 
which could be evaluated in clinical settings, based on the 
presence/absence of a visible white precipitate.

In regard to amphotericin (liposomal) and hydrocortisone, 
at concentrations of 4 mg/mL and 250 mg/mL respectively, 
Audet et al. [16] found these two drugs were physically com-
patible with caffeine citrate for 4 h at room temperature. By 
contrast, results in the present study showed that ampho-
tericin (liposomal) and hydrocortisone, at lower clinically 
relevant NICU concentrations (2 mg/mL and 10 mg/mL 
respectively), were physically incompatible with caffeine 
citrate at 10 mg/mL and 20 mg/mL (Table 1 and Figs. S4 
and S6). However, hydrocortisone at a concentration of only 
1 mg/mL was physicochemically compatible with caffeine 
citrate 20 mg/mL (Table 1). This finding suggests the lower 
hydrocortisone IV infusion concentration (1 mg/mL) used in 
NICU settings may be safely co-administered with caffeine 
citrate through Y-sites, where required.

Audet et al. [16] also reported that midazolam 5 mg/mL 
was physically incompatible with caffeine citrate, due to the 
formation of a white precipitate at the time of mixing; however, 
our study showed that a lower concentration (1 mg/mL) was 
physicochemically compatible with caffeine citrate (Table 1).

Further contradictory studies regarding vancomycin 
50 mg/mL or dobutamine 12.5 mg/mL mixed (separately) 
with caffeine citrate have reported the combinations to 
be physically compatible [15] and physically incompat-
ible [16], resulting in white precipitate and colour change, 

respectively, at the time of mixing in the latter study. By 
comparison, we found that vancomycin and dobutamine, 
at the lower concentrations of 10 mg/mL and 7.2 mg/mL, 
respectively (in both D5W and NS), were physicochemically 
compatible with caffeine citrate 20 mg/mL (Table 1).

One directly conflicting result from the present study 
relates to the recent report that ciprofloxacin 2 mg/mL was 
physically incompatible with caffeine citrate 20 mg/mL due 
to crystal formation at 4 h after mixing [16]. By contrast, our 
data indicate the combination is physicochemically compat-
ible for 2 h at the same concentrations. Hence, to clarify 
this discrepancy and formally compare our study with the 
previous report [16], we retested the combination after 4 h 
of mixing and confirmed its physicochemical compatibility 
in our laboratory, with no physical evidence of precipitate 
or crystal formation and a caffeine concentration ratio (by 
HPLC) of 99.6% (Table 1). As outlined above, similar inex-
plicable discrepancies are evident in specific studies [16] 
and compendia [17], and may require prudent clinical judge-
ment to avoid adverse clinical outcomes.

Compared to the studies of caffeine citrate compatibility, 
there are no previous comprehensive physical or chemical 
compatibility studies of caffeine base injection with other IV 
drugs. However, the stability of caffeine base in a range of 
sodium chloride, potassium chloride and glucose IV solu-
tions and PN fluids for up to 24 h has been reported [18]. 
The present investigation has shown that caffeine base injec-
tion was physicochemically compatible with all 43 second-
ary drugs and the six PN solutions tested (Table 3). Hence, 
in the absence of commercial preparations, a locally pre-
pared caffeine base injection may be a useful alternative to 
caffeine citrate injection for Y-site co-administration with 
otherwise incompatible IV drugs.

One potential limitation of the present study was the 
well-established, fixed 1:1 mixing ratio of the two com-
ponents for simulated Y-site compatibility studies [16, 21, 
26, 32]. Recent reports have included other ratios (e.g. 1:4 
or 1:10) to simulate extremes of high/low infusion rates 
of the individual components [27, 33–35]; however, in the 
NICU setting, the range of drug concentrations may be a 
more significant variable than the IV infusion rates. Nev-
ertheless, contemporary IV compatibility study designs 
could include a balanced range of clinically relevant con-
centrations and mixing ratios, as appropriate. A further 
consideration in our study was the 2-h mixing duration, 
which is based on the typical contact time of two compo-
nents in neonatal infusions (via Y-site mixing) being up 
to 1 h [36, 37], but accounts for potentially slower infu-
sion rates that may occur in NICU settings [16]. Finally, 
some recent physical and physicochemical compatibility 
investigations have included turbidity and/or pH tests as 
part of the suite of physical tests [26, 28, 38]; however, 
due to resource implications for these tests, including the 
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large sample volumes (typically > 10 mL), turbidity and 
pH were not evaluated in the present study. Furthermore, 
recent reports have noted the intrinsic value, interpreta-
tion and specification limits of some physical compat-
ibility tests are unclear or inconsistent [26, 28, 38, 39]. 
Hence, based on the range of well-accepted physical tests 
and validated HPLC assay for determination of chemical 
compatibility, we conclude the present study provides suf-
ficiently robust evidence of physicochemical compatibility 
(or otherwise) for caffeine citrate and caffeine base injec-
tions in the context of simulated Y-site co-administration 
in NICU settings.

Conclusion

Most secondary test drugs and 2-in-1 PN solutions inves-
tigated in the present study, except aciclovir, amphotericin 
(liposomal), furosemide, hydrocortisone, ibuprofen and ibu-
profen lysine, were physicochemically compatible with caf-
feine citrate injection (20 mg/mL). By comparison, caffeine 
base injection (10 mg/mL) was physicochemically compat-
ible with all 43 test drugs and six PN solutions tested.
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