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Abstract

5-fluorouracil (5-FU) is a chemotherapeutic agent that has been used for the treatment of a variety 

of malignancies since its initial introduction to the clinic in 1957.1 Due to its short biological half-

life, multiple dosings are generally required to maintain effective 5-FU plasma concentrations 

throughout the therapeutic period. Clinical studies have shown that continuous 5-FU 

administration is generally superior to bolus injection as exhibited by lower toxicities and 

increased therapeutic efficacy.2,3 Optimal therapeutic efficacy, however, is often compromised by 

the limiting therapeutic index. Whilst oral formulations are also used, these suffer from the 

drawbacks of variable bioavailability and first pass metabolism. As a result, sustained release 

formulations of 5-FU have been investigated in an effort to mimic the kinetics of continuous 

infusion particularly for situations where local delivery is considered appropriate. The 

biocompatible, biodegradable and highly tunable synthetic polymer, poly(D,L-lactide-co-

glycolide) (PLGA), is widely used as a vector for sustained drug delivery, however, issues such as 

insufficient loading and inappropriate burst release kinetics have dogged progress into the clinic 

for small hydrophilic drugs such as 5-FU. This review provides introductory information about the 

mechanism of action, pharmacokinetic and physicochemical properties, and clinical use of 5-FU 

that have contributed to the development of PLGA-based 5-FU release platforms. In addition, this 

review provides information on fabrication methods used for a range of 5-FU-loaded PLGA 

formulations and discusses factors affecting the release kinetics of 5-FU as well as the in vitro and 
in vivo antitumor or antiproliferative efficacy of these platforms.
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Introduction

5-FU is a rationally designed fluoropyrimidine antimetabolite that has been used for a 

number of clinical applications including cancer therapy and antiproliferative treatment. 

Although used to treat a wide range of cancers off-label, such as head and neck, cervical and 

esophageal cancers, 5-FU is most commonly used to treat gastrointestinal cancers such as 

colorectal cancer, gastric adenocarcinoma and pancreatic cancer. A meta-analysis of patients 

with resectable gastric cancer, where 5-FU has shown great promise, revealed that 5-FU 

could increase the 5 year survival rate from 49.6% (surgery alone) to 55.3% when used as an 

adjuvant therapy.4 In the case of advanced colorectal cancers, 5-FU delivered either 

intravenously (IV) (often in association with leucovorin) or orally in a prodrug form, 

capecitabine, can significantly increase survival, albeit marginally (by 2–3 months), when 

used in combination with other chemotherapeutic agents, such as irinotecan.5,6 These 

modest increases in survival indicate the need for further improvements. US and European 

guidelines recommended adding monoclonal antibody therapies (targeting either vascular 

endothelial growth factor or epidermal growth factor receptors) to the regimen of 5-FU (+ 

leucovorin) plus oxaliplatin or irinotecan to improve the treatment efficacy of metastatic 

colon cancer.5 Meanwhile, pharmacokinetically guided dose adjustments have been tested 

clinically and proven to be a reliable method to improve the efficacy and reduce the toxicity 

of 5-FU treatment.7,8 The common toxic side-effects of 5-FU include myelosuppression, 

hair-loss, nausea and diarrhea whilst, more rarely (1–18% of patients), cardiotoxicity may 

occur.9 Due to the short plasma half-life and the rapid elimination of 5-FU, alternative 

modes of delivery are sought particularly for situations involving localized therapy 

subsequent to resection.10 It has long been recognized that the recurrence of gastrointestinal 

cancers often occurs at the surgical site, emphasizing a need for intraoperative adjuvant 

therapy at the site of resection.11 Formulating delivery systems that ensure prolonged 

exposure of tumor cells to 5-FU at doses above the minimum effective concentration has 

shown improved tumor cell killing over equivalent doses of 5-FU delivered intraperitoneally 

(i.e. systemic delivery) in mice and may be a promising way forward in the clinic.12 Hence, 

this review focuses on modes of improving the antitumor and antiproliferative efficacies of 

5-FU through the development of PLGA-based delivery systems providing sustained release 

kinetics.

Physicochemical properties of 5-FU

5-FU, or 5-fluoro-1H–pyrimidine-2,4-dione, is a small molecule (MW: 130.08) and occurs 

as a white odorless crystalline powder.13 It is a uracil analog possessing a fluorine atom 

instead of a hydrogen atom at the C-5 position.14 It is usually synthesized as the base form 

but it is also available as TRIS and sodium salts.15,16 Also, 5-FU is a weak acid (pKa of 

7.93)17 and possesses low solubility in water (12 –13 mg/ml at pH = 7).18 Its solubility can 

be enhanced to 50 mg/ml in aqueous solutions at pH ~ 9, however, although 5-FU is not 

sensitive to hydrolysis under neutral conditions, the stability of 5-FU decreases drastically in 

basic and highly acidic aqueous solutions.19 The solubility of 5-FU in methanol is 3.79 

mg/ml at 25°C whilst in ethanol at 25°C its solubility is very poor (0.35 mg/ml).20 The n-

Octanol/Water Partition Coefficient of 5-FU is 0.1123 (logP = −0.9496) at 32°C (pH 7.4) 

and is therefore considered to be hydrophilic despite it having low solubility in water.21 In 
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terms of stability, 5-FU in a solid form is heat-stable and exhibits one-stage decomposition 

at 200°C.22 This allows 5-FU to be formulated into polymeric platforms by techniques 

involving heating, such as spray drying23 and compression-heat molding24, without 

significant detriment to its biological activity.

Mechanisms of action of 5-FU

In order to affect cell viability, 5-FU, a type 1A prodrug, requires intracellular conversion at 

the site of action by enzymes, such as orotate phosphoribosyltransferase and thymidine 

phosphorylase, to active metabolites, fluorodeoxyuridine monophosphate (FdUMP), 

fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine triphosphate (FUTP).14 FdUMP 

inhibits the activity of thymidylate synthase by binding to the nucleotide-binding site, 

irreversibly preventing the binding of the normal substrate, deoxyuridine monophosphate, 

leading to a depletion in deoxythymidine triphosphate which consequently results in cell 

death due to impaired DNA synthesis and repair (Figure 1).14 FdUTP and FUTP can be 

misincorporated into DNA and RNA, respectively, also leading to cell death.14 Leucovorin 

(folinic acid) is a drug that enhances the inhibition of thymidylate synthase by FdUMP by 

stabilizing a trimeric complex of FdUMP, thymidylate synthase and leucovorin and is 

usually used in combination with 5-FU in cancer treatment.14 As an antimetabolite, 5-FU 

exerts its effects during S-phase of dividing cells.25

In addition to the direct cytotoxic effects of 5-FU mentioned above, it has been reported that 

5-FU can also impart antitumor activity indirectly by bolstering antitumor immune 

responses. To explain, 5-FU has demonstrated in vivo toxicity against myeloid-derived 

suppressor cells (MDSCs) in tumor challenged mice.26 MDSCs are immunosuppressive 

cells that accumulate in the spleen, blood, lymph nodes, bone marrow and at tumor sites of 

tumor bearing individuals and, importantly, suppress the activation of CD8+ T cells (or 

cytotoxic T cells).27 MDSCs are known to express relatively low levels of thymidylate 

synthase rendering them more susceptible to the cytotoxic effects of 5-FU.28

Pharmacokinetics and pharmacodynamics of 5-FU

5-FU is generally administered IV to patients in order to avoid the diminishing effects of 

first pass metabolism associated with enteral administration.29 Tissue distribution of 5-FU 

depends on route of administration, the presence of tumor and dose of 5-FU.30 The apparent 

volume of distribution (Vd) of 5-FU in humans is 0.266 L/kg 31 implicating that, subsequent 

to administration, 5-FU is distributed in aqueous extracellular fluid throughout the body. 

Murine studies have shown 5-FU to be distributed to the cerebrospinal fluid 13 and other 

tissues such as bone marrow, brain, intestine, kidney, liver, lung, lymph, and muscle.30,32 It 

has been reported that 5-FU enters cells by facilitated diffusion using a uracil transporter 

(UraA).33 Once inside the cell, 5-FU molecules follow an anabolic (15–20%) or catabolic 

fate (80–85%), the former generating products that mimic uridine triphosphate (UTP) or 

deoxyuridine monophosphate (dUMP) that are capable of incorporating into RNA or 

inhibiting thymidylate synthase, respectively, leading to cell death, whilst the latter results in 

the inactivation of 5-FU via the cytosolic enzyme dihydropyrimidine dehydrogenase (DPD) 

(Figure 1). The ubiquitous expression of DPD throughout the body results in significant 
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extrahepatic clearance of 5-FU.34 Another characteristic of 5-FU is its nonlinear clearance 

kinetics which means an increased dose of 5-FU does not result in a proportional increase in 

plasma concentrations.35 The rapid catabolism of 5-FU by the ubiquitous DPD results in a 

short elimination half-life of approximately 10–20 minutes with approximately 90% of 5-FU 

following a metabolic fate.36 A large proportion (60–90%) of the administered dose of 5-FU 

is excreted in urine as alpha-fluoro-beta-alanine (post-metabolism) which is transported out 

of cells via GABA transporter-237, whilst approximately 10% and 2–3% is excreted in an 

unchanged form in urine and bile, respectively.38,39

The levels of 5-FU in plasma have a strong correlation with its biological effects.7 Plasma 

concentrations of 5-FU can fluctuate over a 24-hour period due to circadian variations in 

DPD activity.40,41 These fluctuations exist even when the administration rate of 5-FU is 

controlled as in continuous IV infusion.42 Although administration of 5-FU at a constant rate 

cannot reduce interpatient variability, it is still preferred to IV bolus injection because 

multiple bolus IV injections cause higher fluctuations in plasma concentrations of 5-FU than 

IV infusion. An in vitro study showed that the LD50 of 5-FU for a range of human epithelial 

cancer cell lines including 2 colon adenocarcinomas was 30–120 µg/ml when cells received 

pulsed exposures compared to 0.5–1 µg/ml with constant exposure.43 In addition, a meta-

analysis of 6 randomized trials involving > 1200 patients with advanced colon cancer 

revealed higher tumor response rates and greater survival rates in patients receiving 

continuous infusion of 5-FU compared to those receiving multiple 5-FU intravenous bolus 

doses.2,44 This can be explained by the fact that the concentration of 5-FU, when delivered 

by continuous infusion, remains higher than the minimum effective concentration for longer 

durations.45,46 Thus, IV infusion, which causes less dose fluctuations compared to multiple 

IV bolus injections, ensures that tumor cells are exposed to 5-FU at effective concentrations 

for longer periods, resulting in superior antitumor efficacy. Furthermore, patients receiving 

IV bolus administration of 5-FU were more likely to experience severe hematologic toxicity 

compared to patients receiving continuous IV infusion.2 Thus, in terms of developing an 

implantable drug delivery device, one that can release 5-FU with controlled, or at least 

sustained, release kinetics and is biodegradable and biocompatible would be of great 

potential benefit to patients undergoing tumor resection.

Clinical use and dosing of 5-FU

5-FU has been used clinically since 195744 and is approved by the United States Food and 

Drug Administration (USFDA) as an intravenous drug for the treatment of basal cell 

carcinoma, breast cancer, colorectal cancer, gastric adenocarcinoma, pancreatic cancer and 

squamous cell carcinoma of the head and neck.47 It is also delivered as a topical agent for 

the treatment of actinic keratosis48 and corneal squamous cell carcinoma.49 In addition, 5-

FU can be used intraoperatively or postoperatively as an adjunct to glaucoma surgery to 

prevent conjunctiva scarring at the operation site.50 Other ophthalmic pathologies, such as 

proliferative vitreoretinopathy, can also be treated using 5-FU.51 When used for the 

treatment of cancer, 5-FU treatment alone has demonstrated low response rates. Bolus and 

continuous infusions of patients with advanced colon cancer have independently yielded 

14% and 23% tumor response rates, respectively.2 In a separate clinical study, involving both 

elderly and young patients with metastatic colorectal cancer, marginal, albeit significant, 
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enhancement in overall and progression-free survival in both elderly and young patients was 

observed when continuous infusion of 5-FU was compared to bolus delivery.52 Regardless 

of whether bolus or continuous delivery is applied, it has long been recognized that 5-FU 

treatment alone is inadequate even when delivered in combination with leucovorin/folinic 

acid which is known to stabilize the FdUMP binding to thymidylate synthase.53 Therefore, 

5-FU is mostly used in combination with other anticancer regimens ± leucovorin, such as 

leucovorin and oxaliplatin (FOLFOX regimen)54, leucovorin and irinotecan (FOLFIRI 

regimen)55 or docetaxel and oxaliplatin (or cisplatin) (DP(O)F regimen).56 These 

combinations improve response rates to 50–60% and increase median overall survival times 

compared to 5-FU alone by an extra 6–12 months.54–56 More recently, the combination of 5-

FU, leucovorin, oxaliplatin (mFOLFOX6) plus bevacizumab (anti-vascular endothelial 

growth factor-A) was shown to provide an overall median survival of 34.1 months in patients 

with metastatic colorectal cancer in a phase IIb trial.57 Further improvements are still 

nevertheless required to improve survival outcome as well as decrease the negative side 

effects associated with chemotherapy. Implementing novel 5-FU delivery systems that 

supply prolonged exposure of 5-FU directly to tumor cells may have advantages for patients 

at sites of resection, where a concentrated local delivery that does not generate high plasma 

levels may provide strong localized antitumor efficacy against residual disease, and minimal 

systemic cytotoxicity. Such a treatment could be of significant benefit to patients undergoing 

resection of ostensibly curable (through surgery alone) early stage colon tumors since it is 

recognized that approximately 11% of these patients experience recurrence at the site of 

resection.58

Currently, 5-FU can be dosed by three major independent approaches. First, the dose can be 

adjusted based on patient weight. The initial dose recommended by the manufacturer is 12 

mg/kg daily for 4 consecutive days with a daily maximum dose of 800 mg.13 Second, 5-FU 

can be adjusted based on body surface area (mg/m2). Although dose adjustment according to 

either weight or body surface area is uncomplicated, it is associated with significant 

interpatient variability with respect to resultant 5-FU plasma levels.7 This variability is 

primarily a result of variations from patient to patient in DPD activity possibly due to 

genetic polymorphisms.59,60 Hence the development of the third approach, 

pharmacokinetically guided (PKG) dose adjustment, which involves administering doses 

such that the concentration of 5-FU in the plasma is within the therapeutic range.61 This 

dosing approach was assessed in a phase III clinical trial where metastatic colon cancer 

patients were given either constant doses of 5-FU (infusion at 1,500 mg/m2 (plus 200 mg/m2 

leucovorin infusion)) based on body surface area for 8 hours per week or, alternatively, the 

patients were given the first dose based on body surface area and then subsequent doses 

were adjusted to achieve targeted 5-FU exposure (area under the concentration-time curve: 

AUC) at 20–25 mg.h/L.62 These adjustments were based on weekly measurements of 5-FU 

in the plasma and using a 5-FU dose-adjustment algorithm. More recently, a meta-analysis 

was performed on head and neck or colon cancer patients comparing 5-FU treatments based 

on a body surface area algorithm versus a PKG dose algorithm.8 The patients treated with 5-

FU doses based on the PKG dose algorithm experienced significantly increased response 

rates and reduced toxicities. Thus, it would appear that for colon cancer patients, PKG dose 

adjustment would be a preferable treatment option, however, it is as yet not widely used in 
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clinical practice possibly due to a lack of consistent results with a wide range of cancer types 

and a paucity of high quality evidence.8 Therefore, there is an impetus to investigate the 

development of 5-FU delivery systems that are compatible with the PKG dose adjustment 

approach. This will be challenging since most of the 5-FU sustained release delivery systems 

that are being developed depend highly on dosing based on actual weight with non-

adjustable release rates while the PKG dose adjustment approach requires adjustable dosing.

5-FU-loaded PLGA formulations

Aside from being an adjunct therapy following tumor resection, delivery systems involving 

modified drug release also offer advantages for patients with unresectable tumors.63 For 

instance, the localized release of 5-FU in a sustained fashion at the site of an unresectable 

tumor, such as a brain tumor, provides the opportunity for the eradication of the tumor, 

potentially preventing invasion and metastasis as well as diminishing the side effects 

associated with systemic drug delivery.64–66 Prolonged, and even controlled, release of 5-FU 

can be achieved by incorporating 5-FU into tunable polymer matrices, resulting in 

formulations that can release 5-FU for sustained durations.

Many polymer types have been investigated in the quest to develop novel formulations 

mediating sustained 5-FU release with improved antitumor efficacy.67 Of these polymers, 

poly(D,L-lactide-co-glycolide) (PLGA) possesses many desirable properties that make it an 

attractive candidate for use in such systems. PLGA is approved by the USFDA as well as the 

European Medicines Agency for clinical use.68 It is biodegradable and biocompatible, since 

it spontaneously hydrolyzes into two monomers, lactic acid and glycolic acid, which are 

endogenous substances that can be utilized by Krebs cycle.68 In addition, PLGA does not 

stimulate inflammatory responses per se.69 PLGA is also a candidate polymer for 

gastroretentive oral formulations because of its bioadhesive properties that allows binding to 

gastrointestinal mucosa.70 This property extends the residence time of the encapsulated drug 

in the gastrointestinal tract thereby extending the absorption period. However, oral delivery 

suffers the drawback of drug loss through first pass metabolism which consequently 

introduces variability in terms of bioavailability.71–73 Another advantage of using PLGA 

polymers is that they can be processed into a range of shapes and sizes and are compatible 

with a wide variety of organic solvents.74 PLGA-based platforms such as microparticles can 

be readily co-loaded with distinct biomolecules75 or drugs76 and have been shown to be 

capable of differential release kinetics of drugs from the same particle.76 Finally, PLGA is 

highly tunable with respect to molecular weight, functionalized end groups and 

lactide:glycolide ratios.74 With these properties, PLGA has become a popular polymer for 

use in drug delivery systems and has been used to deliver molecules with diverse 

physicochemical properties including small molecules, macromolecules, as well as 

hydrophilic and hydrophobic molecules.68 More of a challenge to overcome is the low 

loading and high burst release often associated with certain PLGA formulations, such as 

microparticles, when small hydrophilic molecules such as 5-FU are used.77–81 This review 

focuses on the implementation of PLGA-based platforms to deliver 5-FU in a sustained 

fashion and what efforts have been made to improve formulation parameters.
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The release of 5-FU from PLGA formulations can be bi-phasic or tri-phasic. For example, 

several studies have reported bi-phasic release of 5-FU from PLGA particles82–85 and PLGA 

chamber microdevices10 while others have reported tri-phasic release from PLGA particles63 

and PLGA magnetic carrier systems.86,87 Tri-phasic release involves an initial burst release, 

which is diffusion dominated, followed by a diffusion mediated release and finally a 

polymer erosion mediated release. The initial burst release of 5-FU from PLGA 

nanoparticles and microparticles involves the relatively fast release of a large quantity of the 

drug (typically 15 – 30%) upon immersion into aqueous surroundings.70,88 This is due to 

drug particles or crystals deposited at, or near, the surface of PLGA particles dissolving and 

diffusing into the surrounding fluid.70,89 Although a high burst release may have advantages 

for treatments requiring a loading dose, it can however deplete the drug pool within the 

PLGA particles too rapidly, resulting in truncated durations of drug release which is clearly 

undesirable for most antitumor applications. The magnitude of the burst release can be 

decreased by increasing drug-polymer interaction which will increase the amount of drug 

molecules that are dissolved or encapsulated in the polymer matrix. Simultaneously, 

polymer-solvent and drug-solvent interactions must be decreased to reduce the escape of 

drugs from the polymer matrix.83 The second phase of the release involves an approximately 

constant release rate of drug molecules. During this second phase, the drug molecules deeper 

within the PLGA formulation start to diffuse out. As the diffusion path length increases with 

time, the release of drug molecules should be slower. However, the decrease in drug release 

is compensated by an increase in diffusion rate because drug molecules become more 

mobile due to increasing polymer degradation.70 The final rapid drug release phase is the 

result of erosion and disintegration of the construct/particles, leading to complete drug 

release.70 In bi-phasic release, the effect of diffusion and polymer degradation are 

inseparable so the release has no clear cut boundary between the second and the third 

phase.74

1. PLGA microparticles loaded with 5-FU

Microparticles are defined by the International Union of Applied Physical Chemistry as 

particles with dimensions of 0.1 – 100 µm in diameter.90 However, it is important to note 

that many examples exist of published research where particles in the range of 0.1 µm to < 1 

µm are defined as nanoparticles or sub-micron sized particles and therefore microparticles 

are defined in those publications as particles with the dimensions of 1 – 100 µm in diameter. 

Many articles also define particles as microparticles even when their size falls in the range of 

100 – 1000 µm. For the purposes of this review we are defining microparticles as 0.1 – 1000 

µm in diameter and will specifically stipulate the size where appropriate. In pharmaceutical 

fields, microparticles are generally formulated by microencapsulation techniques and can be 

categorized into two major classes, microcapsules and microspheres.91 Microcapsules are 

microparticles that contain an internal reservoir of entrapped substances, surrounded by a 

solid shell.90,91 Microspheres are monolithic-type microparticles that contain no distinct 

outer layer and drug molecules are embedded, dissolved, or bonded throughout the 

polymeric matrix.90,91 Many researchers, however, have used the term microparticles, 

microcapsules and microspheres interchangably.92 In this review we will attempt to 

delineate between microspheres and microcapsules, the latter of which have been far less 

studied.
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In terms of in vivo sustained delivery of drug-loaded microparticles an optimal size range is 

considered to be 10 – 200 µm in diameter. The rationale for this size range is that particles < 

10 µm in diameter are likely to be vulnerable to removal by phagocytosis by immature 

dendritic cells or tissue macrophages. Another drawback is that, in the context of achieving 

sustained delivery lasting at least 4 – 5 days, these smaller microparticles tend to release the 

majority of their payload too quickly. The upper limit of 200 µm is possibly a little nebulous 

and could expand out to larger diameters depending on other factors such as route of 

administration and the specifics of the desired release kinetics. Due to the damage that 

microparticles can cause to muscle, intramuscular delivery of particles in the size range of 

10 – 200 µm can generally be ruled out and therefore subcutaneous delivery would be 

considered more appropriate.93 It has been reported that PLGA microspheres larger than 300 

µm have unpredictable release rates due to heterogeneous degradation rates of the core and 

the surface of the particles.94 Microspheres < 300 µm generally experience homogeneous 

degradation by hydrolysis. Ultimately, the optimal size will be determined by end-user 

preferences such as the desired release rate and the desired duration of release. Factors 

determining release rate will include the MW of PLGA, molar ratio of lactic acid to glycolic 

acid, end-group functionalization, and the degree of loading of the drug.81 In the case of 5-

FU, being small and hydrophilic, the greater the loading the faster the rate of release.

PLGA microparticles can be fabricated by several methods including emulsion-solvent 

evaporation/extraction, phase separation (coacervation), electrospraying, supercritical fluid 

technology, and spray drying. More detailed explanations of these various techniques along 

with their advantages and disadvantages have been recently reviewed elsewhere.74,81,95–97 

PLGA microparticles loaded with 5-FU are often formulated using emulsion solvent 

evaporation/extraction despite the many associated drawbacks such as poor loading and the 

use of toxic organic solvents. For this method, single emulsions or double emulsions are 

created by dispersing drugs (in the case of single emulsions) or aqueous drug solutions (in 

the case of double emulsions) in a PLGA organic solvent solution (oil phase). The oil phase 

is then dispersed into a water phase containing surfactant. After dispersion, emulsions are 

evaporated or extracted with water or quenching media to remove the solvent. Oil-in-water 

and water-in-oil-in-water emulsions are the most common types of emulsion used for 

formulating 5-FU-loaded microparticles. The free base form of 5-FU is considered 

preferable to the salt form as this increases hydrophobicity of the drug and therefore 

efficiency of loading. However, due to the hydrophilic nature of 5-FU combined with its 

small size the loading efficiency as well as loading are often very low. As an alternative, in 

order to improve loading efficiency, solid-in-oil-in-water emulsions have been used.98

Spray drying is another method commonly used to fabricate 5-FU-loaded PLGA 

microparticles which generally yields higher loading than the emulsion solvent evaporation 

method since it does not rely on dispersing 5-FU solutions in a water phase and therefore 

circumvents escape of 5-FU to the water phase. Instead, spray drying is a one step 

continuous production process that results in the collection of dry particles after spraying the 

atomized liquid form into a hot inert gas or hot air. Table 1 summarizes the formulation 

methods used by researchers to fabricate 5-FU-loaded PLGA microparticles as well as their 

characteristics. It can be seen that many of these microparticles were of sizes possibly too 
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small (< 10 µm) for sustained delivery purposes. Nevertheless for both completeness and 

potential interest we have included these formulations in the Table.

Studies with monolithic microparticles/microspheres—The in vitro release 

kinetics of 5-FU from PLGA microparticles can depend on multiple factors such as the size 

of the microspheres, drug loading parameters (e.g. solid versus soluble; amount of drug 

loaded), polymer degradation rates, drug diffusion, hydrophobicity and molecular weight of 

the PLGA polymers and experimental conditions.63 The effect of the size of PLGA 

microspheres on rate of release of 5-FU has been studied in vitro using microspheres 

prepared using a solid-in-oil-in-water solvent extraction method.99 This study found that 5-

FU release rates positively correlated with the size of microparticles, where the size range 

involved mean diameters of 29 to 78 µm. This positive correlation is not in agreement with 

Fick’s laws of diffusion since 5-FU release is primarily diffusion-dependent and therefore 

the release rate should decrease with an increasing diffusion path length (i.e. increasing 

particle size). A potential reason for this apparent anomaly is that larger particles had a 

greater accumulation of acids resulting from PLGA degradation, however, this was shown 

not to be the case through differential scanning calorimetry. Instead it was found that drug 

loading increased with increasing particle size and, because the 5-FU was loaded as crystals 

it meant that larger particles became more porous during release thereby contributing to 

higher rates of release of 5-FU. A mathematical model was devised that took into account 5-

FU diffusion and PLGA degradation and was capable of predicting 5-FU release rates from 

microspheres of varying sizes. The findings from this article are promising in terms of 

potential clinical translation of 5-FU-loaded PLGA microparticles in that they provide 

evidence of sustained (21 days) drug release at a predictable rate and also that intraparticle 

acidity often associated with monolithic PLGA microparticles was likely abrogated by the 

presence of 5-FU crystals (as explained above).

The solubility of 5-FU is very important because its hydrophilicity strongly influences both 

loading efficiency into, and release rates from, PLGA particles.98 It has been demonstrated 

that 5-FU solubility in dispersed solvents affects its physical state (e.g. fully dissolved, 

partially dissolved or deposited as crystals) within the PLGA matrix of microspheres.91 As 

alluded to above99, these differences in physical states affect release kinetics since 

crystallized 5-FU requires dissolution of the crystal before 5-FU can diffuse out of the 

particles while completely dissolved 5-FU can begin diffusing out of particles 

immediately.91 Refining the size of the raw 5-FU powder, which on average contains 

crystals of approximately 275 µm in diameter, by pulverizing them to sizes < 20 µm prior to 

encapsulation ensures sufficient distribution of 5-FU within the PLGA matrix of 

microparticles of sizes ranging from 20 – 100 µm.98 These researchers also found that 

manipulating the manufacturing parameters such as organic:water phase ratios significantly 

impacted the release profiles of the resultant microparticles with particles being loaded with 

5-FU crystals using an organic:water phase ratio of 1:33 having a longer release duration (18 

days) than particles made using an organic:water phase ratio of 1:61 (48 hours). Drug 

diffusion and PLGA degradation can be influenced by the lactide:glycolide ratio. Lactide 

monomers are more hydrophobic than glycolide monomers and therefore a higher 

lactide:glycolide ratio results in a slower rate of water penetration into particles, reducing 
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both the 5-FU diffusion rate and the PLGA hydrolysis rate.100 A study showed that the in 
vitro release of 5-FU from submicron sized particles formulated from PLGA 50:50 was 

faster than from particles made from PLGA 90:10.101

External conditions that govern 5-FU release from microparticles include osmolarity, pH and 

temperature of the release media. It has been reported that increasing the osmolarity of the 

release media decreases the water uptake rate by the particles, consequently decreasing the 

release rate of 5-FU.63 The pH of the release media has been shown to have a positive 

correlation with the release rate and this effect can be mainly explained by the change in the 

glass transition state at different pH conditions.63 In acidic conditions (pH 1.3–4.5), PLGA 

has a glass transition temperature at 40°C, whilst in basic conditions (pH 7.4–10.8) the glass 

transition temperature is 30°C. Therefore, PLGA at 37°C, in acidic conditions, generally 

appears in a glass form where there is limited mobility of PLGA side chains, thus impeding 

the movement of 5-FU. This explains the finding that 5-FU release was very rapid in basic 

conditions but was slower in acidic conditions.63 High temperatures (e.g. ≥ 60°C) can also 

affect the movement of PLGA side chains. PLGA side chains can be highly mobile at high 

temperatures allowing 5-FU to diffuse out of particles at a greater rate when compared to 

cooler temperatures.98 These factors emphasize the importance of using settings that mimic 

physiological conditions when performing in vitro release studies, otherwise the results will 

be less translationally relevant. Radiation is another external condition that can affect the 

release of 5-FU from PLGA particles. Studies have shown that ultrasound increased protein 

release from PLGA porous disks102 while gamma-irradiation103 accelerated the release of 5-

FU from PLGA particles. Both studies speculated that these forms of radiation mechanically 

degrade PLGA which causes an increase in the release of 5-FU.

The duration of release of 5-FU also depends on the amount of 5-FU that can be loaded into 

particles. The double emulsion solvent evaporation method, which can be used to prepare 5-

FU-loaded particles70, yields low 5-FU loading because the drug can rapidly diffuse across 

the phase boundary into the external water phase during the solvent evaporation step.98 In 

order to overcome this problem, a common approach is to decrease the solubility of 5-FU in 

a dispersed phase to prevent the diffusion of 5-FU across phases.98 This can be achieved by 

co-loading 5-FU with hydrophobic drugs e.g. paclitaxel.104 Solvents used for formulation 

can also affect the loading. If the solvent evaporates too slowly then PLGA precipitation is 

also slow and cannot efficiently trap 5-FU within the particles.70 In addition, for double 

emulsions, the difference in osmotic pressure between the inner and outer water phases can 

lead to the rupture of primary emulsions that contain 5-FU. This pressure can be reduced by 

optimizing the PLGA:5-FU ratio to yield particles with surfaces that can tolerate the 

pressure difference.70 Increasing the volume of the external water phase leads to an increase 

in particle size and encapsulation efficiency.70

The levels of 5-FU found in the body over time subsequent to in vivo administration of 5-

FU-loaded microparticles depends on the release kinetics of 5-FU from the microparticles, 

the pharmacokinetics of 5-FU as well as the route of administration of the microparticles. In 
vitro release kinetics of drugs (including 5-FU) from PLGA microparticles are usually an 

underestimate of the in vivo release kinetics for a number of reasons. One reason is that the 

rate of hydrolysis is faster in vivo due to the presence of hydrolytic enzymes.105,106 Another 
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reason can be the inability of the in vitro system to adequately represent mechanical loads. 

Most in vitro studies underestimate or fail to take into account the mechanical compression 

that occurs inside the body. This can result in a discrepancy in the duration of in vitro and in 
vivo release.

Preclinical and clinical studies have demonstrated that 5-FU-loaded PLGA microspheres 

possess antitumor properties. A phase 1 clinical study demonstrated that implantation of 5-

FU-loaded PLGA microspheres into the walls of the surgical bed after surgical resection of 

tumor in combination with external beam radiotherapy for the treatment of glioblastoma was 

safe.107 However, a randomized, multicenter phase 2 study conducted later by the same 

group of investigators did not find significant clinical benefits of 5-FU-loaded PLGA 

microspheres with radiotherapy over the radiotherapy alone.66 A trend was observed, 

nevertheless, in favor of the 5-FU-loaded microspheres with respect to enhanced median 

overall survival (15.2 months vs 13.5 months) and currently preclinical studies are in 

progress in an attempt to improve the formulation.108 In a separate preclinical study in nude 

mice it was found that 5-FU-loaded PLGA microspheres fabricated by spray drying had a 

stronger antitumor effect against HCT-116 human colorectal cancer than 5-FU solution 

when injected intratumorally at equivalent doses.109 The higher efficacy was likely to have 

been due to the 5-FU-loaded PLGA microspheres allowing increased duration of exposure 

of the tumor cells to 5-FU. This group measured plasma concentration of 5-FU and the non-

compartmental pharmacokinetic analysis showed that encapsulation of 5-FU into PLGA 

microspheres increased the half-life of 5-FU to 195 hours meaning that tumor cells were 

exposed to 5-FU for a longer period of time. Vd increased from 33.14 L to 2,055 L and AUC 

decreased from 724 mg/L to 148 mg/L when soluble 5-FU and 5-FU-loaded microspheres 

were respectively compared. This indicates that deep tissue infiltration of 5-FU from 

microspheres increased and that systemic exposure to 5-FU decreased.109

5-FU-loaded PLGA particles can be loaded into other formulations in order to further fine 

tune the release kinetics of 5-FU. For example, it has been reported that 5-FU-loaded PLGA 

particles can be successfully incorporated into commercial hemostatic gelatin sponges.110 

These particles were absorbed into gelatin sponges before solvent evaporation to ensure 

homogeneous particle distribution. The loading capacity of 5-FU when 5-FU-loaded PLGA 

particles were absorbed into gelatin sponges was higher than that obtained for soluble 5-FU 

loaded into sponges. Encapsulation of 5-FU into PLGA particles also prolonged the release 

of 5-FU from the sponges from 2 hours in 5-FU-loaded sponges to 25 days in 5-FU-loaded 

PLGA particle-absorbed sponges. An in vivo study using CT26 colon cancer challenged 

mice demonstrated that 5-FU-loaded PLGA particles absorbed into sponges, and delivered 

subcutaneously, had a longer 5-FU elimination half-life and resulted in greater survival than 

5-FU-loaded sponges. Another study used a chitosan hydrogel, instead of a gelatin sponge, 

as an injectable carrier for 5-FU-loaded PLGA particles.111 The 5-FU-loaded chitosan gel 

exhibited a 12 hour release profile while 5-FU-loaded PLGA particles incorporated into 

chitosan gel provided a 10 day 5-FU release profile.
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2. PLGA nanoparticles loaded with 5-FU

According to the European commission, the definition of nanomaterial is “a natural, 

incidental or manufactured material containing particles, in an unbound state or as an 

aggregate or as an agglomerate and where, for 50% or more of the particles in the number 

size distribution, one or more external dimensions is in the size range of 1–100 nm”.112 

Nanomaterials possess properties that they do not exhibit in bulk form, e.g., improved 

strength, greater flexibility, increased surface energy and surface reactivity, enhanced 

thermal conductivity and greater electric conductivity.113 Nanoparticles are, by definition, 

nanomaterials and are particles of any shape with measurements of 1 – 100 nm in at least 2 

dimensions, thus tubes and fibers can also be considered nanoparticles.90 Round-shaped 

nanoparticles can be categorized into two types, nanospheres and nanocapsules. 

Nanospheres are spherical nanoparticles that have no outer layer or external membrane. 

Nanocapsules are nanoparticles that have a cavity for entrapping molecules inside the 

polymeric shell.90 PLGA nanoparticles can be fabricated by methods used to fabricate 

PLGA microparticles (see above). Additional methods include nanoprecipitation and salting 

out.74 For nanoprecipitation, a drug and polymer in an organic solvent is gradually dropped 

into an aqueous solution containing surfactant (e.g. Pluronic F68). The organic solvent 

evaporates under reduced pressure, resulting in drug-loaded nanoparticles. For the salting 

out method, water/oil emulsions containing polymer, solvents, salts (e.g. magnesium acetate 

tetrahydrate) and stabilizers are fabricated. Then water is added to diffuse the solvent out, 

resulting in nanoparticle formation.74 PLGA nanoparticles have proven capable of providing 

sustained release of molecules with diverse physicochemical properties such as docetaxel114, 

siRNA115 and rifampicin.116

2.1 PLGA nanospheres loaded with 5-FU—5-FU-loaded nanospheres are usually 

formulated by an emulsion-solvent evaporation method (table 2) which, in general, yields 

low drug loading. The loading efficiency of 5-FU into nanoparticles versus microparticles is 

lower because of the higher surface area to volume ratio of the former which contributes to 

higher amounts of 5-FU lost during formulation.70 As is often the case with microparticles 

the burst release of 5-FU from nanoparticles can be very large, often greater than 60%.117 

Nevertheless the advantage associated with PLGA nanoparticles, as with nanoparticles in 

general, is that they can be administered intravenously so as to target tumors via the 

enhanced permeation and retention (EPR) effect and have the potential to be surface 

decorated with tumor targeting ligands.118 However, very few in vitro studies have reported 

on 5-FU-loaded nanoparticles designed for the purposes of tumor targeting through the EPR 

effect117 and no in vivo studies have been documented to date.

Nanoparticles can provide sustained release of 5-FU over a long period of time (at least 5 

days, see table 2). A pharmacokinetics study in Sprague-Dawley rats demonstrated that 5-

FU could be released in a sustained fashion from nanoparticles. This study administered 5-

FU nanoparticles by an intragastric route and found that the elimination half-life of 5-FU 

increased from 0.36 hours to 2.35 hours and the plasma concentration of 5-FU remained 

higher than 1 µg/ml for 24 hours.70
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The release and efficacy of 5-FU from 5-FU-loaded PLGA nanoparticles has the potential to 

be improved by ultrasound.102,119 IV administration to glioma-challenged mice of 5-FU-

loaded PLGA nanoparticles covalently bound to microbubbles resulted in enhanced 

localization of nanoparticles to ultrasound treated subcutaneous solid tumors compared to 

tumors not treated with ultrasound or compared to mice administered with noncovalently 

linked microbubbles and nanoparticles (plus ultrasound). In addition, enhanced survival of 

mice was observed compared to mice treated with soluble 5-FU. This study demonstrates 

how ultrasound can lead to enhanced effective delivery of 5-FU to tumors thereby enhancing 

antitumor efficacy whilst reducing systemic distribution of 5-FU to healthy tissues.

2.2 PLGA nanofibers loaded with 5-FU—Nanofibers are fibers that have diameters ≤ 

100 nm.120 Because nanofibers have large specific surface areas and high porosities, they 

have a very large surface area-to-volume ratio.120 This explains why the release of drugs 

loaded into nanofibers depends solely on drug diffusion, as opposed to polymer degradation. 

Currently, nanofibers can be fabricated by three methods: electrospinning, self-assembly and 

phase-separation.121 The process of electrospinning is a simple procedure that can be used 

with various types of polymers and is the most preferred method for the fabrication of 

PLGA nanofibers. 122,123 Electrical potential is applied to the polymer solution, leading to 

the elongation of the polymer, yielding nanofibers of 50–1000 nm in length. Self-assembly 

is a method used to generate nanofibers from amphiphilic polypeptides that contain 

hydrophilic head groups and hydrophobic tail groups. The reduction of cysteine in the 

peptides to free the thiol groups followed by the reduction of pH to < 4 results in self-

assembly of amphiphilic polypeptides into cylindrical micelles or nanofibers of micron 

length.121 Phase separation involves five steps which include polymer dissolution, phase 

separation and gelation, solvent extraction, freezing, and lyophilization. Nanofibers have 

been used in filtration, spill containment, decontamination, catalysis and are also useful 

scaffold materials in tissue engineering and wound dressing.120122 In addition, PLGA 

nanofibers can be used as delivery platforms for anticancer drugs such as daunorubicin and, 

as will be discussed below, 5-FU.123

PLGA nanofibers co-loaded with 5-FU and oxaliplatin were implanted onto the tumor 

surface of colon cancer challenged mice and shown to enhance their survival compared to 

mice treated IV with free oxaliplatin and 5-FU.124 A separate study demonstrated the benefit 

of coating stents with 5-FU-loaded nanofibers to prevent recurrence of obstruction in 

gastrointestinal cancer. Gastrointestinal stents are minimally invasive options for acute 

decompression in gastrointestinal cancer with obstruction.125 However, the effect of 

uncoated stents is temporary since tumors continue to grow and obstruction recurs. It was 

shown that 5-FU-loaded polylactide nanofiber-coated polydioxanone colonic stents were 

able to reduce tumor volume in mice.126 In another study, 5-FU-loaded PLGA nanofibers 

and blank PLGA nanofibers were coated as alternate layers onto an esophageal stent.127 The 

stents coated with only 5-FU-loaded PLGA nanofibers demonstrated a relatively brief 6 day 

release period of 5-FU with total drug loading of 15.66 µg/cm3, while the stents coated with 

alternating layers of blank PLGA nanofibers and 5-FU-loaded PLGA nanofibers had a drug 

loading of 10.62 µg/cm3 and exhibited a 21 day release period. Although drug loading 

decreased as additional PLGA nanofiber layers were added, these blank PLGA nanofiber 
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layers retarded the release of 5-FU from the formulation presumably by preventing the 

formation of pores in 5-FU-loaded PLGA nanofibers.127

3. PLGA magnetic carrier systems for 5-FU

Polymeric magnetic carrier systems are targeting drug delivery systems incorporated with 

magnetic materials such as iron oxides (Fe2O3 and Fe3O4), metal alloys (Fe, Co and Ni) or 

iron cobalt alloys.128 The application of an external magnetic field or magnetic implant is 

used to target magnetic carrier systems to, and retain them at, a desired location.129 

Magnetic particles in the nanosize range are of particular interest because at dimensions < 

20 nm they exhibit superparamagnetic behavior, which is the ability to become powerfully 

magnetized under an external magnetic field (e.g. during magnetic resonance imaging).128 

Polymeric magnetic systems provide a number of advantages which include: 1) the system 

can be delivered and retained at the target site by applying a magnetic field. Magnetic 

particles that penetrate into interstitial spaces may remain at the target site even after the 

removal of the magnetic field.130 2) Polymeric magnetic carrier systems are considered 

biocompatible because iron can be eliminated by normal iron metabolic pathways. Also, an 

in vivo study using a mouse macrophage cell line demonstrated that the combination of 

magnetic materials and PLGA were not toxic.131 The main disadvantage with using 

magnetic carrier systems is that target sites are generally restricted to superficial tissues such 

as skin and joints. This is because the magnetic moments of the magnetic carrier systems are 

small and therefore not strong enough to resist the blood flow, thus being unable to be 

retained, at targeted deeper tissues.132 Another disadvantage of polymeric magnetic carrier 

systems is the possibility of side effects such as thrombosis at the site of catheterization or 

vascular obstruction. PLGA-based magnetic carrier systems have been developed to deliver 

5-FU in a sustained fashion and are mostly fabricated as particles using a multiple-emulsion 

solvent evaporation method (Table 3).

In vitro release experiments demonstrated that 5-FU-loaded PLGA magnetic particles (90–

320 nm diameter) provided sustained release of 5-FU (Table 3). The initial burst release was 

dependent on PLGA concentration, 5-FU amount and surfactant (PVA) concentration in the 

formulation.86 These factors also affected particle size, drug loading and encapsulation 

efficiency. Sustained release of 5-FU-loaded PLGA magnetic nanoparticles was also 

confirmed in vivo. A pharmacokinetic study in rabbits demonstrated that 5-FU-loaded 

magnetic PLGA nanoparticles administered IV could provide sustained release of 5-FU for 

at least 7 days and extend the elimination half-life of 5-FU to 22 minutes.87 This study also 

demonstrated that 5-FU-loaded magnetic nanocapsules administered at the dose of 3 mg/kg 

had significantly higher therapeutic activity in a murine CT26 colon cancer model than 5-FU 

in solution at the same dose. In addition, this study reported that the antitumor activity of 5-

FU-loaded magnetic PLGA nanoparticles was potentiated by applying a magnetic field at 

the tumor site.87

3. PLGA implantable matrices loaded with 5-FU

3.1 PLGA films loaded with 5-FU—Polymeric film coating has been used to improve 

the appearance, stability and release profiles of solid dosage forms, especially tablets.133 

Films are also used to coat medical devices to provide drug release or prevent infection.134 
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Polymeric films can be formulated by several methods.135,136 PLGA films loaded with 5-FU 

have been successfully fabricated by the solvent casting method137 and spray technique69 

using PLGA 50:50. For the solvent casting method, solutions of polymer and other 

ingredients are mixed, dried under vacuum, and the resulting film is cast onto a desired 

surface. The spray technique involves a solution of drug, polymer and excipients that are 

sprayed onto a suitable material (e.g. glass, polyethylene film or Teflon sheets). Often 5-FU-

loaded PLGA film formulations are layered to form discs and these are discussed further in 

section 3.2.

Both 5-FU and mitomycin C can mitigate side effects of glaucoma drainage devices and it 

has therefore been a goal to combine delivery of these drugs with the drainage device 

(Figure 3). One group used a modified method of spin coating to create double layered 

“breath figure” (or honey-comb-like) PLGA films capable of co-delivering mitomycin C 

(top layer) and 5-FU (bottom layer) with effective cytotoxicity towards fibroblasts for 28 

days in vitro.69 The same group then demonstrated the benefits of coating the Ahmed 

drainage device with a similar formulation in vivo (rabbits).138 It was proposed that such 

films could be used in the future to coat glaucoma drainage devices used for glaucoma 

patients so as to reduce both inflammation and fibrosis.69

3.2 PLGA wafers and discs loaded with 5-FU—Wafers are thin slices of material 

sometimes referred to as thin films.139 Discs are drug delivery systems in a disc-shape that 

may have convex or concave bases.140 The semantic and practical differences between 

wafers and discs seems unclear and although they may be similar, we have delineated 

between the two in deference to the respective authors and to avoid any potential ambiguity. 

In the pharmaceutical field, wafers are extensively used for buccal drug delivery135,141,142, 

wound dressing143,144 and cancer treatment. The first USFDA-approved wafer for cancer 

treatment was the Gliadel® wafer which is a carmustine (bis-chloroethylnitrosourea or 

BCNU) loaded anticancer implant fabricated from poly[bis(p-carboxyphenoxy)propane with 

sebacic acid145 for the treatment of malignant glioma after resection.146,147 Although the 

role of this wafer for clinical use is controversial, a meta-analysis showed that carmustine-

loaded wafers provided a sustained release of carmustine and improved survival in patients 

newly diagnosed with glioblastoma (Hazard ratio = 0.63 [95% confidence interval = 0.49–

0.81]).148 There have been attempts to improve the efficacy of the wafer by loading 

carmustine into other types of wafer, such as PLGA149,150, so that the release profile of the 

drug can be modified, or by replacing carmustine with other anticancer agents, such as 5-

FU. The rationale for replacing carmustine is that it drains out of brain tissue rapidly, 

reducing exposure time to cancer.151 Also the carmustine wafer can increase intracranial 

pressure and cause cerebrospinal fluid leakage.152 Thus alternative drug delivery 

formulations are being investigated.153,151

5-FU is one alternative to carmustine due to its size and hydrophilicity which promotes 5-FU 

accumulation in brain tissue.151 In one study, 5-FU-loaded PLGA wafers were fabricated 

from 5-FU loaded PLGA 50:50 microparticles using a compression molding method at room 

temperature.154 The microparticles were formulated by either mechanically mixing 5-FU 

with PLGA or by an emulsion solvent evaporation method using acetone as a solvent. The 

PLGA wafers fabricated from both types of 5-FU-loaded microparticles provided sustained 
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release of 5-FU in vitro for at least 10 days. The release rate and initial burst release of 5-FU 

increased with increased 5-FU loading. The burst release resulted from the disintegration of 

5-FU-loaded PLGA microparticles at the surface of the wafers. Microparticles fabricated by 

the emulsion solvent evaporation technique had a lower burst release than wafers 

incorporated with microparticles fabricated by the mechanical mixing method. Subsequent 

release was mainly due to disintegration of the microparticles deeper within the wafer as 

confirmed by SEM microphotographs which showed water channels within the wafer.154 

Another study confirmed the sustained release of 5-FU from PLGA wafers fabricated from 

the physical mixing of 5-FU and PLGA by compression molding.155 This in vitro study 

showed initial fast degradation of PLGA after 6 hours followed by gradual degradation. 

SEM imaging showed pores at the surface and penetrating inside the PLGA wafers. This 

indicated that degradation of the PLGA wafer occurred throughout the wafer, not only at the 

surface.155 This result was in contrast to the findings for wafers formulated from poly[bis(p-

carboxyphenoxy)propane with sebacic acid where degradation occurred only at the 

surface.156

Drug-loaded discs are generally prepared by compression140,157–159 and have been used as 

gastric floating systems140 and local implantable systems157 that provide sustained 

release.140 In the case of 5-FU, they can be prepared by compression or prepared from 5-

FU-loaded films. In one study, 5-FU-loaded PLGA discs were formulated with PLGA 50:50 

using a compression molding method, resulting in discs with 3 mm radii.158 The discs 

released approximately 70% of loaded 5-FU within the first 3 hours and were able to 

provide sustained release of 5-FU for 5 days. Factors determining the release rate of 5-FU 

from the formulation included the loaded amount of 5-FU and the glycolide:lactide ratio in 

the PLGA polymer. Because glycolide monomers are more hydrophilic than lactide 

monomers, a higher glycolide:lactide ratio resulted in a faster rate of PLGA hydrolysis. In 

addition, because 5-FU is a hydrophilic molecule, increasing the amount of 5-FU resulted in 

higher burst releases from those formulations.

There have been several studies where 5-FU-loaded PLGA discs have been fabricated from 

5-FU-loaded PLGA films. One study fabricated 5-FU-loaded discs by compressing 

multilayers of 5-FU-loaded PLGA films together.137 The films were formulated by solvent 

casting using PLGA 63:37 and dimethyl chloride (DCM), then cut into discs and 

subsequently studied for release. The single layered discs released approximately 65% of 

loaded 5-FU during the first 2 hours as an initial burst release. The release continued for 5 

days. To reduce the burst release, multilayered 5-FU discs were fabricated by compressing 

empty PLGA film and 5-FU-loaded PLGA film layers. An in vitro release study 

demonstrated that the burst release during the first 2 hours was reduced and the release 

duration of multilayered discs lasted 17 days. The study also demonstrated that the size of 

discs in terms of diameter was not related to their release kinetics.

3.4 PLGA millirods loaded with 5-FU—Millirods (minirods or minipellets) are drug 

delivery systems with a cylindrical shape, a diameter of approximately 1 mm or less and a 

length ranging from 1–10 mm. Millirods can be prepared by extrusion160–163, direct 

compression164 or a compression-heat molding process.24,51,165 Many studies have reported 

on the sustained release profiles of a variety of substances, including DNA166, proteins (e.g. 
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recombinant human bone morphogenetic protein-2162, diphtheria and tetanus toxoids163) 

and vaccine antigens (e.g. Clostridium antigen161). One advantage of millirods is that they 

can be implanted using needles (e.g. gauge 14 tissue biopsy needles24), therefore avoiding 

the need for surgery. PLGA millirods have been fabricated and investigated mainly as 

peritumorally implanted delivery systems for anticancer agents such as doxorubicin164, 

paclitaxel167 and β-lapachone.165 In addition, millirods can be designed to drastically alter 

the release rates of the loaded drug as has been demonstrated with 5-FU-loaded PLGA 

millirods such that zero order24,168 and first order release kinetics could be achieved168 

(Figure 2).

One study formulated 5-FU-loaded PLGA millirods from PLGA 50:50 by a compression-

heat molding process.24 Physical mixtures of PLGA and 5-FU at various ratios were melted 

and compressed to yield 5-FU-loaded PLGA monolithic millirods. Then PLGA membranes 

containing NaCl particles were formulated by the solvent casting method, resulting in NaCl 

impregnated PLGA films. The films were wrapped around the 5-FU-loaded PLGA 

monolithic millirods using forceps. An in vitro release study showed that the amount of 5-

FU loaded into the monolithic millirods directly affected the release pattern of 5-FU from 

the millirods. Millirods with 30% w/w 5-FU exhibited a high initial release and released 

90% of loaded 5-FU within 40 hours while the millirods with 10% w/w 5-FU displayed low 

initial release and released only 30% of loaded 5-FU after 160 hours.24 This was explained 

by the fact that 5-FU in millirods dissolves and leaves interconnected holes in the PLGA 

matrix. Therefore, water channels inside the rods were created faster in the formulations 

with higher percentages of 5-FU. It was further discovered that the release from millirods 

was influenced by the concentration of NaCl impregnated into the PLGA film coat. Whilst 

the PLGA film alone (without NaCl) retarded release of 5-FU from the monolithic millirods, 

increasing amounts of NaCl in the film correlated with faster release of 5-FU. This is due to 

the hydrophilicity of NaCl causing water channels within the film as the salt dissolves. By 

varying the NaCl concentration, a sustained release pattern ranging from 5–30 days could be 

achieved.24

Aside from their potential as locally administered antitumor devices, another application for 

5-FU-loaded PLGA millirods is as subconjunctival implants. Specifically, 5-FU has been 

shown to increase the success of glaucoma filtering surgery for patients designated to have a 

high risk of failure. However, because of the short half-life of 5-FU, treatment involves daily 

or weekly injections of the drug for two to five weeks which not only places a burden on the 

patient but also runs the risk of ocular injuries. Thus, safe delivery devices are required to 

reduce patient discomfort as well as provide effective doses of 5-FU over sustained periods. 

One study reported on the fabrication and characterization of 5-FU-loaded PLGA ocular 

implants made using a direct compression method.168 In vivo (rabbit), it was found that 

these 5-FU-loaded millirods (2.5 mm in length and 1.5 mm in thickness) released the drug 

too quickly (almost 100% release in 24 hours) unless they were also coated with PLGA and, 

additionally, had a central hole (0.7 mm) drilled through both coating and millirods. The 

coated millirods containing a central hole were found to release 5-FU with first order 

kinetics over a period of 200 hours, providing steady state concentrations of 5-FU in the 

conjunctiva within 24 hours that were in the therapeutic range without being cytotoxic. The 

reason for a lack of translation into the clinic of such a formulation has not been documented 

Leelakanok et al. Page 17

J Pharm Sci. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



but may stem from a reluctance of clinicians to risk damaging a patient’s sight through 

unforeseen outcomes, such as an unexpectedly excessive release rate of 5-FU, which could 

result in permanent retinal damage. In short, the risks may be deemed to outweigh the 

benefits. Another possibility is that the in vivo release duration is still insufficient since it is 

desired that the release of 5-FU last for up to one month. More recently, promising in vivo 
(rabbit) results have been obtained using mitomycin c and 5-FU co-loaded PLGA films (see 

section 3.1), however, as yet there has been no translation into the clinic.138

3.5 PLGA chamber microdevices loaded with 5-FU—Advances in lithographic 

technology have enabled the fabrication of PLGA microdevices.10,169,170 In one study a 

micromold was fabricated by casting polydimethylsiloxane (PDMS) onto a lithographically 

patterned SU-8 mold. The PDMS mold was used to fabricate 5-FU-loaded PLGA 

microdevices with honeycomb structures and 5-FU was injected as a fine powder into the 

chamber. Then, the top of the device was sealed with a PLGA 50:50 membrane. The device 

dimensions were 10 × 10 × 1 mm and contained up to 10.7 mg of 5-FU/device. An in vitro 
experiment showed that 5-FU-loaded PLGA microdevices released approximately 86% of 

loaded 5-FU within the first 10 days.169 This study also demonstrated that peritumoral 

implantation of 5-FU-loaded PLGA microdevices improved the efficacy of the 5-FU 

treatment as demonstrated in mice challenged with murine sarcoma S180 cells. Tumor cell 

mass in mice implanted with the device containing 7.2 mg of 5-FU was significantly smaller 

than mice receiving 7.2 mg 5-FU/mouse as an IP injection.169

Another study by this group investigated the effect of the molecular weight and monomer 

composition of PLGA on 5-FU release.10 The study showed that devices fabricated from 

PLGA 50:50 provided faster release than devices made from PLGA 75:25 with the same 

molecular weight. Also, PLGA with lower molecular weight provided faster release than 

PLGA with higher molecular weight. The release durations from the devices fabricated from 

PLGA 50:50 (27 KDa), PLGA 50:50 (40 KDa) and 75:25 (27 KDa) were 15, 20 and 25 

days, respectively. An antitumor efficacy study in mice challenged with murine sarcoma 

S180 cells showed that the three types of device provided the same antitumor efficacy within 

the first 15 days; however, tumor relapse occurred in the PLGA 50:50 (27 KDa) group.10 

This group of researchers also conducted another study to observe the pharmacokinetics of 

5-FU released from this device.170 Mice administered with 5-FU via IP injection (7.2 mg/

mice) had a peak plasma concentration (Cmax) of 0.83 µg/ml and time to peak plasma 

concentration (Tmax) at 0.5 hours. The plasma concentration was lower than the limit of 

detection (50 µg/ml) within 2 hours. In contrast, 5-FU-loaded PLGA microdevices provided 

sustained release of 5-FU in vivo as seen by the pharmacokinetic parameters (Cmax: 0.16 

µg/ml; Tmax: 6 days). The 5-FU-loaded PLGA microdevices provided sustained release of 5-

FU in vivo for up to 12 days. Importantly, the pharmacokinetic study also showed that 5-FU-

loaded PLGA microdevices provided higher 5-FU concentrations in the tumor and lower 

concentrations in the plasma than groups receiving 5-FU intraperitoneally.

4. PLGA hydroxyapatite formulations loaded with 5-FU

Hydroxyapatite (Ca10(PO4)6(OH)2) is an inorganic material found in bone and teeth and has 

been used as a material for bone regeneration.171 Hydroxyapatite is biocompatible and has a 
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high affinity for chemicals and biomolecules. Therefore, it has been used as a localized drug 

delivery system, especially to bones.172,173 It also has activity against several tumor cell 

lines including gastric cancer174, hepatic cancer175,176 and colon cancer.177 Therefore, 

hydroxyapatite has been increasingly studied for its potential as an anticancer delivery 

system. Several anticancer agents (e.g. cisplatin178, doxorubicin179, paclitaxel180 and 5-

FU171,181) have been successfully formulated with hydroxyapatite. However, some of the 

formulations, especially the 5-FU-loaded hydroxyapatite formulations failed to provide 

prolonged release with the release kinetics being immediate, resulting in complete release of 

5-FU within 5 minutes.181

PLGA has been used to modify the release of 5-FU from hydroxyapatite formulations. One 

study used PLGA 85:15 as a matrix for 5-FU and hydroxyapatite.182 All three components 

were milled at high temperature to form a three-phase composite material which was then 

fabricated into cylindrical scaffolds by a nanocomposite deposition system. The study 

showed that PLGA helped retard the release of 5-FU from 5-FU-loaded PLGA 

hydroxyapatite scaffolds. Another study formulated 5-FU-loaded PLGA hydroxyapatite 

microparticles using an emulsion-solvent evaporation method84 (Table 1). The release 

kinetics of 5-FU depended on the amount of hydroxyapatite in the formulations. 

Hydroxyapatite reduced the initial release and also increased the release rate of 5-FU. This 

was because hydroxyapatite and 5-FU competitively diffused to the surface of particles. The 

particles with more hydroxyapatite, therefore, had less 5-FU at the surface. Also, 

hydroxyapatite caused pores in the particles, increasing the release rate of 5-FU.84

Conclusions and future directions

The chemotherapeutic agent, 5-FU, has a short elimination half-life in the body and 

therefore requires either multiple dosings or continuous infusions when used as a therapy for 

a range of cancers or proliferative disorders. These forms of delivery, usually administered 

systemically, are hampered by having narrow therapeutic windows such that doses that 

provide optimal antiproliferative efficacy are usually too toxic to be considered effective or 

safe. There are circumstances where local sustained delivery of 5-FU would be preferable to 

systemic dosings, such as: 1) intraoperative administration of a delivery device during tumor 

resection to enhance local residual tumor elimination, 2) the treatment of inoperable tumors, 

and 3) the treatment of other proliferative ailments such as fibrosis. Incorporation of 5-FU 

into PLGA matrices has proven to be an effective way to provide sustained release of 5-FU 

in vivo and has demonstrated promise as a local delivery-based therapy in preclinical studies 

and in clinical trials. Procedures such as intraoperative delivery of 5-FU-loaded PLGA-based 

devices at the time, and location, of tumor resection have the potential to significantly reduce 

the percent tumor recurrence at the site of operation in 5-FU sensitive cancers such as colon 

cancer. In essence, local sustained delivery of 5-FU from PLGA-based, or PLGA-coated, 

devices aim at maximizing the desired antiproliferative effect whilst minimizing unwanted 

side effects. PLGA allows the flexibility of fabricating multiple types of delivery systems 

including microparticles, nanoparticles and implantable matrices such as wafers. PLGA is 

USFDA-approved and can be tuned to release drugs at predetermined rates of zero or first 

order kinetics. It can be used to coat medical devices or be combined or functionalized with 

other agents, thereby making it a versatile and safe polymer capable of providing effective 
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delivery of 5-FU to a range of patients with proliferative disorders. It is amenable to being 

part of hybrid systems involving magnetic nanoparticles or microbubbles thus increasing the 

delivery device’s tumor targeting and controllable release properties. The future outlook for 

5-FU-loaded PLGA based delivery systems is quite possibly one involving adjunctive 

therapy where sustained and controlled release of 5-FU from strategically designed 

biocompatible PLGA devices provides significant therapeutic benefits by acting in synergy 

with other treatments against proliferative disorders such as cancer.
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5-FU 5-fluorouracil

dUMP Deoxyuridine monophosphate

DCM Dichloromethane

EPR Enhanced permeation and retention

FdUMP Fluorodeoxyuridine monophosphate

FdUTP Fluorodeoxyuridine triphosphate

FUTP Fluorouridine triphosphate

GABA Gamma aminobutyric acid

IV Intravenous

MDSCs Myeloid-derived suppressor cells

PLGA Poly(D,L-lactide-co-glycolide)

PGA Polyglycolic acid

PLA Polylactic acid

PVA Polyvinyl alcohol

S/O/W Solid-oil-water

USFDA United States Food and Drug Administration

UraA Uracil transporter

UTP Uridine triphosphate

W/O/W Water-oil-water
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Figure 1. Schematic of metabolic fate and mechanism of action of 5-FU
The uracil transporter, URAa, facilitates 5-FU entry into cells. After entering the cells, the 

majority of 5-FU is catabolized by dihydropyrimidine dehydrogenase (DPD) into an inactive 

metabolite, dihydrofluorouracil (DHFU) which is further metabolized to fluoro-beta-alanine 

(FBAL). FBAL is transported out of cells by the GABA transporter-2 and then eliminated by 

urinary excretion. Approximately 10% of 5-FU taken up by cells is metabolized into active 

forms, namely, fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine 

triphosphate (FdUTP) and fluorouridine triphosphate (FUTP). FUTP, a metabolite from the 

metabolism by multiple enzymes including orotate phosphoribosyltransferase (ORTP) or 

uridine phosphorylase (UP) and uridine kinase (UK), incorporates into RNA and causes 

RNA damage. FdUMP, a metabolite from the metabolism by thymidine phosphorylase (TP) 

and thymidine kinase (TK), forms a stable complex with thymidylate synthase (TS), an 

enzyme normally responsible for the conversion of deoxyuridine monophosphate (dUMP) to 

deoxythymidine monophosphate (dTMP). The inhibition of TS by 5-FU leads to 

deoxynucleotide pool imbalances which in turn results in DNA damage and apoptosis.
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Figure 2. Schematic of 5-FU-loaded PLGA millirods with distinct release kinetics for the purpose 
of local antiproliferative effects
Sustained local delivery of 5-FU from PLGA millirods (1 – 1.5 mm diameter), administered 

intraoperatively, can be designed to have antiproliferative potential for such purposes as the 

eradication residual tumor cells at the site of tumor resection or, alternatively, for preventing 

fibrosis during glaucoma treatment. (A) A 5-FU-loaded PLGA millirod (a homogenous 

mixture) that would generally be expected to release 5-FU with first order kinetics and is 

more likely to be suitable in situations where minimal time to reaching therapeutic 

concentrations is desired. (B) A 5-FU-loaded PLGA millirod (green) coated with drug-

impermeable PLGA (without 5-FU) (yellow) and having a small hole (~0.7 mm diameter) 

drilled through the coating from where the 5-FU can diffuse out with zero order kinetics.168 

Situations where zero order release kinetics are particularly desired are where it is vital that 

off-target effects are avoided such as in ocular therapies. This figure is not drawn to scale.
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Figure 3. Schematic of a glaucoma drainage device coated with a 5-FU-loaded PLGA film
The glaucoma drainage device is implanted to control the intraocular pressure in glaucoma 

treatment. Drugs such as mitomycin C and 5-FU have been used post-operatively to reduce 

the fibrosis. One type of draining device, the Ahmed glaucoma valve (pictured), has been 

tested preclinically in rabbits in combination with a PLGA coating designed to gradually 

release mitomycin C and 5-FU and shown to be effective.138 (A) An opening/tube of the 

device that drains intraocular fluid at the anterior chamber of the eye. (B) The end-plate of 

the drainage device attached to sclera. This part collects intraocular fluid which is 

reabsorbed back to the eye by passive diffusion. (C) PLGA film coating containing 5-FU 

and mitomycin C. (D) Cross-sectional view of the PLGA films loaded with mitomycin C 

and 5-FU. Thus, 5-FU-loaded PLGA film coating the device can help in preventing scarring 

and fibrosis.183
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