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ABSTRACT

Gout, a prevalent form of inflammatory arthritis, arises from the deposition of monosodium urate crystals in joints
due to chronic hyperuricemia. Current pharmacologic monotherapies such as xanthine oxidase inhibitors, urico-
surics, NSAIDs, corticosteroids, and colchicine are often limited by inadequate dual-action efficacy, suboptimal
bioavailability, and systemic side effects. Emerging nanocarrier-based drug delivery systems offer a promising
alternative by improving pharmacokinetics and enhancing targeted delivery to inflamed tissues. While co-encap-
sulation of multiple therapeutics remains underexplored in gout, advances in related inflammatory diseases support
its future application. This review explores the limitations of conventional gout therapies and highlights recent
advancements in nanocarrier technologies, including liposomes, niosomes, and ethosomes, for delivering both
anti-inflammatory and urate-lowering agents. Special attention is given to functionalization strategies that allow
for site-specific delivery and sequential drug release, particularly in the acidic and oxidative microenvironments
characteristic of acute gout flares. Co-delivery of agents such as allopurinol or febuxostat with NSAIDs or corti-
costeroids may reduce pill burden, improve therapeutic synergy, and enhance patient adherence. While clinical
translation remains in early stages, the mechanistic rationale and encouraging preclinical outcomes of responsive,
functionalized nanocarriers underscore their potential to advance precision medicine in gout management.
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Figure 1: Graphical abstract

1. INTRODUCTION

Gout is the most common form of inflammatory arthritis, characterized by episodes of in-
tense joint pain, redness, and swelling. This condition involves crystal-associated arthropathy
caused by the accumulation of monosodium urate in the synovial joint. It is linked to hyperu-
ricemia resulting from changes in purine metabolic pathways. Gout is a metabolic disorder
marked by recurrent inflammatory arthritis and has a high global prevalence along with signif-
icant functional disability (Keenan, 2017). The prevalence of gout is higher in men and in-
creases with age (Jiang et al., 2023). Without proper management, gout can cause chronic joint
damage and recurrent flares and has been associated with comorbidities such as cardiovascular
and renal complications (Dehlin et al., 2020; Terkeltaub, 2010; Zhang et al., 2024b). Factors
like genetic predisposition, environmental influences, and unhealthy lifestyle choices, includ-
ing high-purine diets and excessive alcohol consumption, can contribute to the development of
gout (Mikuls, 2022).

As depicted in Figure 2, persistent increase in serum uric acid (sUA) above the solubility
threshold (>6.8 mg/dL) encourages the deposition of monosodium urate crystals in soft tissues
and joints, which causes inflammation and gradually damages the joints. Reducing sUA levels
to less than 6 mg/dL is therefore a primary goal of gout treatment since it aids in the dissolution
of preexisting deposits and the inhibition of new crystal formation (Keenan, 2017). Gout in-
flammation initiates when MSU crystals stimulate the innate immune system via Toll-like re-
ceptors (TLRs) and the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflam-
masome, resulting in the secretion of inflammatory cytokines including interleukin-6 (IL-6),
interleukin-1 beta (IL-1p), tumor necrosis factor-alpha (TNF-a), and interleukin-8 (IL-8) (Jiang
et al., 2023). Cytokines initiate downstream inflammatory signaling pathways, such as the Janus
kinase/signal transducer and activator of transcription (JAK/STAT), mitogen-activated protein
kinase (MAPK), and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathways,
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resulting in the activation of inflammatory gene expression (Zhang et al., 2024b). Interleukin-
6 (IL-6) facilitates the recruitment of immune cells and exacerbates local inflammation, thereby
aggravating the condition rather than alleviating (Zhang et al., 2024b). Elevated IL-6 levels are
clinically linked to gouty tophi, joint deformities, and a heightened risk of cardiovascular dis-
ease. Under typical circumstances, IL-6 signaling is modulated by proteins including suppres-
sor of cytokine signaling 1 and 3 (SOCS1 and SOCS3) and Src homology region 2 domain-
containing phosphatase-1 (SHP1). However, in gout, this regulatory mechanism is frequently
surpassed, leading to persistent inflammation.
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Figure 2: Inflammatory signaling cascade initiated by monosodium urate (MSU) crystal deposition in
gout
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Several therapeutic strategies have been developed to manage gout based on this pathway.
Contemporary anti-hyperuricemic therapies focus on lowering serum urate concentrations by
addressing the production, excretion, and degradation of uric acid. Pharmacologic agents com-
monly utilized comprise xanthine oxidase (XO) inhibitors, including allopurinol (first-line) and
febuxostat; uricosurics such as benzbromarone, probenecid, sulfinpyrazone, and lesinurad; and
recombinant uricase pegloticase (Dehlin et al., 2020; Terkeltaub, 2010). Uricosurics, although
effective, elevate the burden on the kidneys and increase the probability of kidney stone for-
mation, rendering them inappropriate for patients with severe chronic kidney disease (CKD)
(Dehlin et al., 2020). Nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticosteroids,
and colchicine are commonly employed for the management of acute gout to alleviate pain and
inflammation; however, they are associated with considerable adverse effects and potential
drug interactions, particularly in elderly patients or individuals with CKD or diabetes
(Terkeltaub, 2010). Recent alternatives targeting IL-1p, including canakinumab, anakinra, and
rilonacept, demonstrate significant anti-inflammatory effects (Mikuls, 2022). Nonetheless, their
application in gout is restricted, as canakinumab has received approval from the European Med-
icines Agency (EMA) but not yet from the Food and Drug Administration (FDA) (Pascart et
al., 2019; So and Martinon, 2017).

There are many different medications available, however current monotherapies often do
not work well to control both the inflammatory cascade and hyperuricemia in gout at the same
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time. Also, systemic adverse effects, poor absorption, and non-specific distribution make stand-
ard therapy even less successful. Nanocarrier-based drug delivery systems have been a viable
method in precision medicine in the last several years. These platforms have many benefits,
including as better solubility, better pharmacokinetic profiles, targeting specific tissues, and
less systemic toxicity. Notably, using nanocarriers to transport a single drug has made a lot of
progress in improving treatment outcomes by safeguarding unstable pharmaceuticals, extend-
ing circulation time, and making sure that the drug is released in a controlled way at sites of
inflammation or disease.

These therapeutic improvements are largely attributed to the sophisticated mechanisms by
which nanocarriers regulate the release of encapsulated drugs as shown in Figure 3. Nanocar-
riers facilitate controlled drug release through various mechanisms, such as diffusion, solvent-
mediated transport, chemical degradation, and stimulus-responsive systems. In diffusion-driven
release, the drug moves from the interior of the carrier to the external environment based on
concentration gradients, either through a surrounding membrane or within a porous matrix.
Solvent-controlled release typically involves water absorption, which induces swelling or os-
motic pressure, thereby promoting drug release. Chemical reaction-based mechanisms rely on
the degradation of carrier materials or the cleavage of drug—polymer linkages, often triggered
by hydrolysis or enzymatic activity. Stimuli-responsive systems, on the other hand, are de-
signed to release their payload in response to specific environmental cues such as pH, temper-
ature, or redox conditions. The kinetics of drug release are largely governed by the physico-
chemical properties of the drug and its interactions within the carrier matrix. Co-encapsulation
strategies, particularly those involving sequential drug loading, enhance stability and modulate
release profiles through intermolecular forces like hydrophobic interactions. These complex
release behaviors are often described using mathematical models such as the Korsmeyer—Pep-
pas equation, which frequently indicate that diffusion is the primary mechanism controlling
drug release.
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Figure 3: Representative drug release mechanisms from nanocarriers: diffusion-controlled, solvent-
controlled, chemical reaction-controlled and stimuli-responsive release
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Researchers are now working on dual-drug encapsulation systems, which will allow two
different drugs to be delivered at the same time or one after the other in a single nanocarrier.
This is a step ahead from the success of the first system. This method works especially effec-
tively for complicated illnesses like gout, where both inflammation and uric acid buildup need
to be treated at the same time. Dual-drug systems deliver synchronised therapeutic benefits,
lower the need for repeated doses, and make it easier for patients to follow their treatment by
combining an anti-inflammatory and a urate-lowering agent in the same capsule. These systems
can also maximize drug effectiveness while minimizing side effects by customising release
kinetics and using targeted delivery. This makes them a very appealing option for current gout
treatment.

2. CURRENT THERAPEUTIC LANDSCAPE
2.1 Monotherapies
2.1.1 Uric acid-lowering drugs

a) Allopurinol

As a first-line urate-lowering treatment (ULT) and XO inhibitor, allopurinol is frequently
recommended to treat gout and hyperuricemia (Khanna et al., 2012a). Instead of treating renal
underexcretion, it lowers the synthesis of uric acid. Allopurinol is still frequently used in a
variety of clinical situations and has long been regarded as the standard ULT. It is advised to
start with 100 mg daily and gradually increase the dosage by the patient's response and serum
uric acid levels (Khanna et al., 2012a). Participants in clinical trials like the STOP Gout Trial
were started on 100 mg of allopurinol per day and had their dosages titrated up to a median of
400 mg per day (Becker et al., 2005a; Helget et al., 2024; O'Dell et al., 2022). 800 mg per day
is the highest dosage that is permitted. The main treatment objective in the management of gout
is to achieve target blood urate levels below 6 mg/dL, and these dose regimens are in line with
the 2016 EULAR recommendations (Richette et al., 2017).

It has also been used to treat acute gout episodes in conjunction with anti-inflammatory
medications; however, because of its limited immediate effectiveness, it is typically not recom-
mended during acute flare-ups (Dalbeth et al., 2017; Jarjour et al., 2015; Ke et al., 2017). A
purine analogue, allopurinol, differs from another XOD inhibitor, febuxostat, in both structure
and metabolism. Febuxostat may be more beneficial for some patient groups, according to com-
parative trials like the STOP Gout Trial, which has led to a continuous assessment of their
cardiovascular safety profiles (Helget et al., 2024). Currently, a specialized study is comparing
the cardiovascular outcomes of these two medicines.

Allopurinol's therapeutic value is increased by its indications for the prevention of tumor
lysis syndrome and post-chemotherapy hyperuricemia in addition to gout (Yang et al., 2025).
It has also been used in conjunction with traditional herbal treatment in some places, like Vi-
etnam (Bardin et al., 2025). All things considered, when administered carefully and under close
supervision, allopurinol remains a vital component of long-term gout treatment, providing a
tried-and-true method of lowering uric acid levels and enhancing patient results.

b) Febuxostat

In the 2000s, febuxostat emerged for clinical application as a non-purine XO inhibitor
(Becker et al., 2005b; Okamoto et al., 2003). This medication functions to lower uric acid levels
in patients with gout by inhibiting xanthine oxidase, effectively reducing sUA levels (Kamatani
et al.,2011). Febuxostat differs from allopurinol as it is not a purine analogue and is specifically

recommended for patients who cannot tolerate allopurinol or for whom it is contraindicated
(Das et al., 1987).
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The medication is recommended for those with CKD and does not require adjustments in
dosage for mild to moderate liver or kidney impairment. Febuxostat is not advised for individ-
uals with asymptomatic hyperuricemia or notable hepatic impairment (Yang et al., 2025). The
safety profile has proven to be reliable, with minimal drug interactions and no significant side
effects observed during the 12-week monitoring period. However, it is associated with a slight
increase in cardiovascular events and has shown positive cardiovascular outcomes in patients
with high uric acid levels (Yang et al., 2025).

Febuxostat is considered a preferred urate-lowering treatment for Chinese patients due to
its effectiveness and safety profile. In Japan, it is sold under the name Feburic, with a typical
starting dosage of 40 mg daily (Yamanaka et al., 2018). The specific dosage can be found in
China, available for ¥12 per pill (Keenan, 2017; Yamanaka et al., 2018). It is recommended to
gradually increase the dosage to minimize the chances of gout flare-ups, especially when start-
ing treatment. Febuxostat shows improved effectiveness in lowering urate compared to allopu-
rinol and significantly reduces serum urate levels, even during acute gout attacks. The main
goal of febuxostat therapy is to reduce serum uric acid levels to under 6 mg/dL (Keenan, 2017).
The clinical effectiveness, safety profile, and ease of administration make it a suitable choice
for the long-term treatment of gout and hyperuricemia in diverse patient populations.

2.1.2 Anti-inflammatories

a) Colchicine

Colchicine is an anti-inflammatory drug that has been studied for its impact on cardiovas-
cular outcomes in patients with coronary artery disease and gout (Martinon et al., 2006). It
obstructs the migration of neutrophils and the NLRP3 inflammasome, consequently affecting
cholesterol crystals seen in atherosclerotic arteries (Martinon et al., 2006). Colchicine, despite
its anti-inflammatory qualities, has shown variable impact on cardiovascular outcomes. Never-
theless, the medicine is correlated with diminished all-cause mortality in patients undergoing
colchicine therapy, and its administration has been associated with a lowered risk of acute cor-
onary syndrome in individuals with confirmed coronary artery disease (Martinez et al., 2015).

Colchicine, a natural chemical extracted from the autumn crocus, has been utilized for mil-
lennia in the management of gouty arthritis (Roberts et al., 1987). It is recognized as a first-line
for addressing acute gout flares and for flare prophylaxis (Dalbeth et al., 2014). Colchicine
influences multiple pro-inflammatory and anti-inflammatory mechanisms associated with
gouty arthritis (Dalbeth et al., 2014). It also obstructs microtubule assembly, altering many
inflammatory pathways (Ding et al., 1990; Misawa et al., 2013). The therapeutic effects are
intricate, including multiple pathways associated with inflammation, indicating possible ap-
plicability in other chronic inflammatory diseases.

The prophylactic administration of colchicine is generally characterized by a dosage of
0.5 g taken once or twice day for a minimum duration of one month (Lu et al., 2022). Beyond
its recognized function in gout management, colchicine administration has been linked to a
reduced probability of gout flare-ups post-vaccination. Research indicates that colchicine may
mitigate the likelihood of gout exacerbations following COVID-19 vaccination (Lu et al.,
2022).

b) Nonsteroidal anti-inflammatory drugs (NSAIDs)

NSAIDs are commonly employed in the management of gout and may be used as prophy-
laxis when initiating urate-lowering therapy (ULT) to reduce the risk of acute gout flares
(Khanna et al., 2012a). The American College of Rheumatology (ACR) recommends an inte-
grated approach that includes both pharmacologic and nonpharmacologic strategies, with
NSAIDs recognized as a key component in controlling gout symptoms. NSAIDs are commonly
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prescribed early in gout treatment to manage disease flares and improve clinical outcomes
(Oderda et al., 2014).

In clinical studies, attending physicians prescribed NSAIDs at baseline, and patients were
instructed to document their use for gout-related symptoms. Gout flares were operationally de-
fined as episodes requiring NSAID use, and the study closely monitored the incidence of these
flares that necessitated NSAID treatment.

According to ACR guidelines, NSAIDs are considered first-line agents for acute gout flares,
particularly when administered within 24 hours of symptom onset (Khanna et al., 2012b). They
are often used in combination with colchicine or corticosteroids to provide symptom relief and
the European Alliance of Associations for Rheumatology (EULAR) similarly recommends
their use during the initial phase of ULT initiation (Dalbeth et al., 2014). Although NSAIDs are
typically effective as monotherapy, co-administration with oral glucocorticoids is generally
avoided due to the increased risk of gastrointestinal bleeding (Abhishek and Cipolletta, 2025).
For patients in whom NSAIDs, colchicine, or corticosteroids are contraindicated, interleukin-1
(IL-1) inhibitors such as anakinra may serve as an alternative (Shaukat et al., 2020).

¢) Glucocorticoids

Glucocorticoids represent a category of steroid hormones frequently employed in managing
a range of inflammatory disorders, such as gout. In the context of gout management, they are
typically employed to alleviate inflammation and discomfort during acute flare-ups. Nonethe-
less, caution is advised regarding their use in patients experiencing decompensated heart failure,
as it may lead to adverse cardiovascular outcomes (Shaukat et al., 2020).

Glucocorticoids may be delivered via oral administration or through intra-articular injec-
tions, especially in cases where one or two joints are involved and appropriate for direct injec-
tion. This approach is frequently selected even in the absence of randomized controlled trial
(RCT) evidence directly validating the effectiveness of glucocorticoids in these situations
(Abhishek and Cipolletta, 2025). The standard dosage of glucocorticoids is contingent upon the
specific joint affected. For example, a dosage of 10 mg is typically sufficient for interphalangeal
joints, while larger joints like the knees, ankles, and wrists might necessitate doses reaching up
to 40 mg (Abhishek and Cipolletta, 2025). In these instances, long-acting glucocorticoids such
as methylprednisolone or triamcinolone are typically favoured due to their prolonged anti-in-
flammatory effects.

Prior to the prescription of glucocorticoids, it is essential to exclude septic arthritis in order
to reduce the risk of administering steroid therapy to an infected joint. This diagnostic step,
while essential, has the potential to postpone the start of treatment. In specific clinical scenarios,
glucocorticoids can be utilized when patients cannot tolerate alternative medications or when
those medications are deemed contraindicated (Khanna et al., 2012b). These provide an alter-
native approach for preventing flares in gout patients who do not achieve sufficient results with
conventional treatments like XO inhibitors or uricosuric agents.

Low-dose glucocorticoids, including prednisolone, are considered second-line prophylactic
anti-inflammatory therapies for managing gout flares (Keenan, 2017). Their application may
be essential for individuals who suffer from recurrent flares and are unable to utilize alternative
anti-inflammatory treatments due to existing health issues or contraindications. The main ob-
jective of treating gout, which involves the administration of glucocorticoids, is to lower sUA
levels to under 6 mg/dL and to manage inflammation efficiently.

2.2 Adverse effects of existing drugs

Current monotherapies are still the main way to treat gout, but their side effects show that
they have serious clinical limitations as shown in Table 1, especially in those who have other
health problems at the same time. Drugs that decrease uric acid, like allopurinol and febuxostat,
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can help with hyperuricemia, but they also raise major safety concerns, including hypersensi-
tivity syndromes, liver problems, and heart problems. Allopurinol is especially dangerous for
people with kidney problems since it can build up oxypurinol, which can make it more poison-
ous. Febuxostat is frequently the best choice in these situations, but it can still cause problems
including atrial fibrillation and liver problems. On the other hand, anti-inflammatory drugs,
which are often used to treat acute flares, raise a new set of issues. People often have stomach
problems, kidney problems, and a higher risk of heart disease when they take NSAIDs. Colchi-
cine works well to target neutrophil-driven inflammation, but it has a narrow therapeutic range
and can cause neuromuscular toxicity and life-threatening systemic effects if taken in too high
a dose. Glucocorticoids are widely used to quickly treat symptoms, but they also increase the
risk of long-term problems such osteoporosis, myopathy, and unstable cardiovascular health.
These bad outcomes show how hard it is to find the right balance between therapeutic efficacy
and systemic burden in gout pharmacotherapy. They also show why treatment must be person-
alized to each patient's individual weaknesses.

2.3 Evaluating the compatibility of uric acid-lowering and anti-inflammatory agents
Considering these unfavorable profiles, especially in those with renal or cardiovascular sen-
sitivities, it is crucial to gain a more profound insight into the interactions between frequently
co-administered medications and urate-lowering therapies to enhance treatment safety and ef-
ficacy. Allopurinol and febuxostat are both effective at inhibiting xanthine oxidase, yet they
exhibit notable differences in their elimination pathways. Allopurinol relies mainly on renal
clearance, while febuxostat is eliminated through both hepatic and renal processes. The varia-
tions observed impact their vulnerability to pharmacokinetic interactions. Medications that neg-
atively affect kidney performance or disrupt renal transport mechanisms can markedly decrease
the clearance of allopurinol and increase the buildup of oxipurinol, thereby raising the potential
for toxicity. Febuxostat, although not significantly impacted by renal impairment, may still
raise issues due to its inhibition of certain cytochrome P450 enzymes and efflux transporters
such as BCRP. The following section provides a comparative overview of the pharmacokinetics
of these urate-lowering agents in relation to commonly prescribed anti-inflammatories, detail-
ing aspects such as absorption, distribution, metabolism, elimination, and the potential for drug-
drug interactions. This knowledge is crucial for developing innovative strategies to combine
medications and exploring potential options for co-encapsulation in advanced gout treatments.
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Table 1: Summary of adverse events related to conventional monotherapies for gout treatment

Uz el Name of drug Adverse effects of the drug References
monotherapy
Allopurinol hypersensitivity syn-
drome is a rare but serious condi-
tion associated with fever, wide-
spread rash, and intemal organ
involvement. It is more likely to Stamp, 2014
occur in individuals with the HLA-
B*5801 allele or when using a
high starting dose, and it carries a
mortality rate of up to 27 %
Allopurinol Patients with CKD are at in-
creased risk of allopurinol toxicity
Uric acid- due to the accumulation of oxypu- Hande etal., 1984
lowering drugs rinol
Acute .kldney injury with volume Helget et al., 2024
depletion
Nausea, vomiting, rash and Ste- Bardin et al., 2025; Sattui and
vens-Johnson syndrome Gaffo, 2016
Abnormal liver function and acute | Eleftheriadis et al., 2017;
cardiovascular events Sandler et al., 1991
Atrial fibrillation Singh and Cleveland, 2019
Febuxostat Abnormal .Ilverfunctlon in patlents Eleftheriadis et al., 2017
and can trigger acute cardiovas- Sandler et al.. 1991
cular events v
Angina Roddy et al., 2023
Acute kidney injury Roddy et al., 2023
Myocardial infarction Roddy et al., 2023
NSAIDs Gastrointestinal upset, renal com-
plications, and an increased risk Martingano et al., 2025
of bleeding
f\n increased risk of cardiovascu- Cipolletta et al., 2025
ar events
Bone marrow suppression and
agranulocytosis can occur with Dalbeth et al., 2014
overdose
thoos. Inrossed hfsction or unu- | 121€ish etal. 1997
. Colchicine o . Terkeltaub et al., 2011
Anti- sual bleeding and bruising
inflammatories Gastrointestinal symptoms appear
within a day of acute colchlcmg Dalbeth et al., 2014
overdose and may lead to multiple
organs failure
Osteoporosis Office of the Surgeon
P General (US), 2004
Myopathy Schakman et al., 2008
Gastritis, peptic ulcer formation .
and gastrointestinal bleeding Piper etal., 1991
Glucocorticoids | Risk of hypertension Huscher et al., 2009
Risk of coronary heart disease, is-
chemic heart disease, heart fail- Wei et al., 2004
ure and even sudden death
Skin thinning ensues and der- Da Silva et al., 2006; Wei et
matoporosis al., 2004
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The comparative pharmacokinetic Table 2 indicates how various drugs that are regularly
administered with allopurinol can modify its pharmacokinetics and safety, especially through
renal and transporter-mediated pathways. People know that allopurinol is easy to absorb via
oral route (about 90 %), that it reaches peak plasma levels fast (1.5 hours for allopurinol and
4.5 hours for its active metabolite, oxipurinol), and that the kidneys primarily get rid of it (about
80 % through the urine). It is not a P-glycoprotein (Pgp) substrate and does not go through
cytochrome P450 (CYP450) metabolism, which means it is considerably less likely to have
direct drug interactions that affect metabolism. But since it relies on the kidneys to get rid of it,
any treatment that changes how the kidneys work or how they move things around, especially
organic anion transporter 3 (OAT3), can modify how quickly it leaves the body. This is partic-
ularly important for NSAIDs, which are typically used alongside allopurinol to help individuals
with gout feel better and reduce swelling.

NSAIDs such as ibuprofen, diclofenac, naproxen, meloxicam, celecoxib, and etoricoxib are
not Pgp substrates, but they all have one important pharmacologic property in common: they
can damage kidney function. Even though they all get rid of waste and break down food in
distinct ways, many of them either directly impede renal transporters or limit glomerular filtra-
tion by blocking prostaglandins. Urine breaks down and gets rid of ibuprofen, for example. It
has been shown to stop OAT3, a transporter that helps the kidneys get rid of medicines. When
ibuprofen blocks OAT3, it makes it harder for the kidneys to get rid of allopurinol or oxipurinol,
which might boost their levels in the blood. This makes the chance of poisoning higher. Diclo-
fenac also substantially inhibits OAT3 and is broken down by cytochrome P (CYP) enzymes
(CYP1A2, 2C19, 2C9, and 2D6). However, this CYP activity does not relevant for allopurinol
because it does not employ this metabolic route. It is still a big concern for drug interactions
since it changes how pharmaceuticals are moved around in the kidneys. Naproxen does not stop
CYP450, but it can affect the kidneys, which could make it harder for the body to get rid of
allopurinol. Like allopurinol, meloxicam has a long half-life, and the liver breaks it down the
most. It is also known to disrupt CYP2C9 and CYP3 A4, but more importantly, it may hurt how
the kidneys work and make it difficult for them to get rid of allopurinol.

Celecoxib and etoricoxib are both selective cyclooxygenase-2 (COX-2) inhibitors that are
extensively used and broken down in the liver by a number of CYP enzymes. CYP1A2, 2C9,
and 2D6 break down celecoxib, while etoricoxib stops CYP1A2, 2C19, 2C9, and 3A4 from
working and is a substrate of CYP2D6 and 3A4. Even while they do not directly change how
allopurinol is broken down, both may nonetheless make the kidneys operate less properly. This
lower renal clearance may also slow down the elimination of allopurinol, which might cause
both the parent drug and its metabolite, oxipurinol, to build up. This effect may be stronger if
you take meloxicam for a long time (20 to 42 hours) or etoricoxib for a long time (22 hours).

Colchicine is not nephrotoxic, although it may interact with allopurinol in a different way.
It is a Pgp substrate that distributes all over the body and is eliminated by the kidneys and bile.
CYP450 pathways do not break down colchicine very effectively (it blocks CYP2D6 and
CYP3A4 and is a substrate of CYP3A4), but how quickly it leaves the body depends on how
well the kidneys perform. If the kidneys do not work right or if colchicine is used with other
drugs that use the same elimination pathways in the kidneys, such allopurinol, it can build up.
This can make the medicine more harmful, leading to myopathy and stomach difficulties, es-
pecially in patients with kidney problems or when colchicine is administered more than once.
Allopurinol and colchicine do not directly impact each other through hepatic metabolism, but
they both depend on renal pathways, which is a clinically important interaction issue, especially
when the kidneys are not performing well. When it comes to how it might interact with allopu-
rinol, prednisolone looks to be the safest of the drugs on the list. It is a Pgp substrate and is
quite bioavailable, however how it is broken down depends on the dose and largely happens
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Table 2: Overview of pharmacokinetic parameters and potential interaction risks between allopurinol and gout-associated medications

Pgp - e T N Metabolism Clinical
Drug substrate g Ll 2 et e of CYP450 Interaction References
About 80 % of orally taken al-
lopurinol is excreted in urine
as metabolites, and 20 % is
removed in feces. Due to
This medication exhibits an ab- ﬂzg:lkhr:sngl f_lgar:gﬂf:bﬂgg:'
1 o
tsf?erpt:sr:;rg:]eteos](tigoaﬂ%hI;/tsearc’)n /;;ferglr(n Allopurinol and oxypurinol | half-life. Due to kidney elimi-
Ias?na concentratiorzls enérall serve as substrates for nation of allopurinol and its
grise at 1.5 hours for all% urinoly the enzyme xanthine oxi- | metabolites, renal impair-
and at 4 5 hours for oxi L?rinol fol- dase, found within the cy- | ment or failure might cause
Alloburinol No lowin aaministration Aﬂter ad- toplasm of capillary endo- | buildup, requiring dose modi- None Reiter et al.,
P 9 : thelial cells, including si- fications. For creatinine 1983

ministering a single oral dose of
300 mg of allopurinol, the ob-
served maximum plasma concen-
trations were approximately 3
mcg/mL for allopurinol and 6.5
mcg/mL for oxipurinol.

nusoids. The liver and in-
testinal lining exhibit the
most significant enzyme
activity.

clearances of 10—20 mL/min,
200 mg daily is recom-
mended. When creatinine
clearance drops below 10
mL/min, do not exceed 100
mg/day. For severe renal im-
pairment with creatinine
clearance below 3 mL/min,
longer dosage intervals may
be needed.

1565




EXCLI Journal 2025;24:1555-1593 —ISSN 1611-2156
Received: August 27, 2025, accepted. September 21, 2025, published: November 13, 2025

Drug suI:I: s%?at e Absorption Distribution Elimination l\gtfetg$gl‘;gan I nct:élr:::ct?é n References
Orally absorbed ibuprofen
reaches maximal serum concen- Its serum half-life is 1.2 to 2 Bv blockin
trations after 1—2 hours after ex- hours, but liver dysfunction thye kidne 9
travascular injection. When taken can extend it to 3.1 to 3.4 trans ortZr
immediately after a meal, absorp- hours. More than 90 % of the OATC? co-ad-
tion is slightly slower but un- dose is excreted and 99 % of mini t,r tion Bushra and
changed. In humans, the upper The apparent volume of the drug is metabolized in the oflit;ip?olfoen A:I?ama 2010_
gastrointestinal system absorbs Lo . . urine. Only about 1 % of the ) o ’
Ibuprofen he oral ibuprofen quickly. Typically, g:‘sgls)LSEn of ibuprofen is dose is excreted in the liver e gggsieex- QRS(I)ngS-f%fé and
plasma concentration (Cmax) is 20 ‘ 9 as unchanged drug and cretion of al- Knau’s 2008
mcg/mL, peak concentration phase |l metabolites. Age or loburinol and ’
(Tmax) takes 2 hours, and area un- renal impairment do not af- raFi)se blood
der the curve (AUC) is 70 fect ibuprofen elimination, levels of the
mcg-h/mL. Enantiomeric form, which is mostly excreted as dru
rc;)ute, andkdosage affect these metabolites or conjugates. 9
pharmacokinetic parameters.
Diclofenac is completely absorbed
from the gastrointestinal tract, but
it undergoes significant first-pass : :
metabolism, so only 60 % of the Diclofenac has a 5-10 L Diclofenac
dose reaches the systemic circu- i e volum_e, or may re_duce
lation unchanged. Percutaneous ggn;?élzclg:]%ais;]';nn?tsgl_ Diclofenac has a terminal 2:53‘)';?‘22' by
lab.sorpt'on Off ey ieIheel] Ol || o e 004 Ul (Pl || D0 @F 2 10U, U EE~ | ovor 0 inhibiting Davies and
altlons producef ctl_|n|calzbrelevant concentrations of diclo- parte nt: T.?If-hf_e, 2|r510I8u?|n§3all CYP2C19 OAT3, a key | Anderson
; plasma concentrations. Absorp- ; ; ; metabolites, is 25.8 to ’ ’ L
Diclofenac No tion is dose-proportional from 25 iir:azc_? Egﬂrosvgfltgff d?c- hours. Diclofenac is mostly 832382 ﬁ:d ;(rr‘?/glsvpe%rtiir ;23756”1;%%
to 150 mg. Oral solutions reach ministration. It only metabolized. About 60—-70 % hibitor drug elimina 1988 ’
Tmax in 10—40 minutes, enteric- : : of the dose is excreted in . :
coated tablets in 1.5-2 hours and | S'95S€8 e blooo SRl urine and 30 % in feces. fel through
barrier to 8.22 % of the kidneys

sustained- and extended-release
formulations in longer time. Food
does not affect drug exposure
(AUC), but it can delay Tmax by
2.5-12 hours.

plasma levels in cerebro-
spinal fluid.

and other tis-
sues.
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Drug suI:I: sg{}:at e Absorption Distribution Elimination l\gtfetg$gl‘;ggn I n(t:élrglc:ct?cl) n References
Naproxen is rapidly and com- Nabroxen
pletely absorbed when given o . P
orally or rectally. The sodium salt The ellmln_atlon half-life of may rgduce
form is absorbed faster than the TERIEn (B (=17 [aus, i el oLt
free acid, reaching peak plasma ter oral admlnlstrgtlon, 95 % lclearg_nce t?y Brutzkus gt al.,
concentr:ation (Tmax) at about 1 (_)f naproxen and |t§ metabo- |mpa|r|ng.k|d— 2025; Davies
Naproxen No hour for naproxen sodium and 2 N'apfoxeln has a volume of Ilte;s are.excreted Ln the . None ney functlon, and Ar.1derson,
hours for the free acid. Food may distribution of 0.16 L/kg urine, with 66—92 % conju- Igadlng to 1997b,_ Todd
delay absorption but does not af- gated and less than 1 % un- higher serum and Clissold,
fect the overall extent. Naproxen changed ordesmethyls levels and in- | 1930
sodium has a faster onset of ac- naprox?n. Feces contain less creased risk
tion and may be useful in treating I & Ve o]tfad;/erse
acute pain. etiects.
Meloxicam is mostly re-
moved via hepatic metabo-
The distribution volume of | lism, with metabolites dis-
meloxicam is 10-15 L. It charged in urine and feces. Meloxicam
About 89 % of meloxicam is bioa- is concentrated in well- About 1.6 % of the dosage is may de-
vailable orally. Peak plasma con- perfused tissues like the eliminated unaltered in the crease renal Bekker et al
centration (Cn;a ) is reached about liver and kidneys due to feces and less than 0.25 % in | CYP2C9 and | function, low- 2018- Gongic’at
56 hours afte:meals but fasting its albumin affinity. Syno- | the urine. Since its elimina- CYP3A4 In- | ering allopu- al 2’012_
Meloxicam | No nearly doubles it. Unlike many vial fluid meloxicam con- tion half-life is 20 hours, it hibitor; rinol clear- T(.],rck ot ’al
other NSAIDs rr;eloxicam can be centrations approach can be used once a day with- | CYP2C9 ance gnd in- 1996: Weir.;er
taken with or \’NithOUt food, despite 40 % to 50 % of plasma qut slow-release formula- Substrate creasing se- | 5.} 8, ’
this increase ’ levels after oral treatment. | tions, unlike most other rum levels
' Human placentas can NSAIDs. Meloxicam added to and side ef-
also absorb the medica- bupivacaine for postsurgical fects.

tion.

analgesia had a median half-
life of 33—42 hours, depend-
ing on dose and site.
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Drug suI:I: sg{}:at e Absorption Distribution Elimination l\gtfetg$gl‘;ggn I n(t:élrglc:ct?cl) n References
Hepatic metabolism elimi-
nates most celecoxib, with
o :
Celecoxib is quickly absorbed in Iuer?r?et:?]g ?efe;e(z?r:/ee;z(iérs]
the gastrointestinal tract_, with and urine excreie 57 % and
E%I; pIa/smLa concr?ntratlonil(cgax Celecoxib has a steady- 27 % of an oral dose, largely Celecoxib
h r]lg”m ) reac '|ng| r02u090 y state apparent volume of | as metabolites. Carbalic acid may compro-
o?aulrgoge(.)gggeaatzgg disageragu- dis_trib'utioln (V§s/F) of 429 | derivatives make'up 7'3 %. of mise'renal
ally reaches steady-state concen- L |ndlcgt|ng V\{|despread expelled metabol_ltes in urine | CYP1A2, function and
trations by day 5. Peak levels are tissue dispersion. Another | and feces, but urinary glucu- | CYP2C9 In- reduce allo- Ahmad et al.,
Celecoxib No delayed by 1-2 Hours and AUC source indicates a distri- ronide levels are modest. A hibitor and purinol ex- 2002; Gong et
increases by 10 %—20 % with a bution volume of 455 + single 200 mg dose of CYP2D6 cretion, rais- | al., 2012
high-fat meal. The AUC is much 166 L. Celecoxib's exten- | celecoxib has an 11-hour susbtrate ing serum
lower in chroﬁic renal impairment sive tis_sue distribution is half-l_ife in hea_lthy pt_eople. Its I(_eve_ls and
atients. vet a meta-analvsis due to its non-red blood terminal half-life varies due to risking side
P Y cla-analy cell binding. prolonged absorption due to effects.
found that black individuals may low solubility. Healthy people
have a 40 % greater AUC than have 277L/Hrapparent
Caucasians for unknown reasons. clearanc;e (CL/F), however
chronic renal insufficiency
patients may have 47 % less.
Etoricoxib
CYP1A2, may compro-
CYP2C19 rnsefenm
’ function and
CYP2C9 and
- Bioavailability is 100 % following . CYP3Ad in- | "educe allo- | Buvanendran
Etoricoxib No . : none 22 hours half life -~ purinol ex- and Reuben,
oral administration. hibitor cretion. rais- | 2008
8¥E§2§ ing ser;Jm
Substrate Igvgls aqd
risking side
effects.
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Drug suI:I: sg{}:at e Absorption Distribution Elimination l\gtfetg$gl‘;ggn I n(t:élrglc:ct?cl) n References
The volume of dispersion FreehiEelens i preetm:
X nantly excreted through the
Of. rEEERloe SRz urine, with more than 98 % of
. " . L GEEEELE: (L 2 CEEgE the administered dose re-
Oral prednisolone exhibits a bioa- | of 0.15 mg/kg, the volume moved renally. The plasma
vailability of roughl_y 70 %. Peak of distribution is approxi- half-life varies.from 211035
Predniso- y ?Iasm131 concentrations (Cmax) vary | mately 29.3 L whereas at hours, being shorter in mi- No interac- Ferr¥ et.al.,
lone es rom 113 to 1343 ng/mL and are 0.30 mg/kg, it esca_la_tes_ to nors and extended in per- None tion 1988; Pickup,
generally attained between 1.0 to | roughly 44.2 L. This indi- sons with hepatic impair- 1979
2.6 hours (Tmax) post-administra- cates a dose-dependent ment. Clearance is dose-de-
tion. distribution, probably re- pendént exhibiting a rate of
sulting from alterations in | ¢ 4g'\ xo/h ot a dosage of
22?3;5’(‘)’:1‘1'”9 orprotein | 45 mg/kg and 0.12 Likg/h
) at a dosage of 0.30 mg/kg.
The urinary and biliary sys-
After oral administration, colchi- Colchicine has wide- tems remove colchicine, with
cine is quickly absorbed from the d ti distributi 40 % to 65 % of an oral dose
gastrointestinal tract; its bioavaila- spread lssue distrioution |, jtered in the urine. It recir- By compet-
bility ranges from 24 % to 88 %, 0 [ peop;le, ;N'th a f culates enterohepatically. Af- ing for renal
with an average of 45 %. When Ei?:t?irllt?t?g:rci‘nrono rl]J|m % ?o ter repeated 0.6 mg twice- elimination Ben-Chetrit et
fasting, healthy adults usually at- 8 L/ka. Itis eIimingte)é as daily dosages, the elimina- CYP2D6 and | mechanisms, | al., 1994;
tain the mean peak plasma con- breasgt.milk after passin tion half-life averages 26.6 to | CYP3A4 In- | allopurinol Chappey and
Colchicine Yes centration (Cmax) of 2.5 ng/mL in 1 throuah the Iace?nta V\?ith 31.2 hours. The clearance hibitor; may limit col- | Scherrmann,
to 2 hours. When given at a dose Iesse? concer;mtrations. in rate for 0.6 mg oral doses is | CYP34A chicine ex- 1995;
of 1 mg daily, steady-state con- the heart. lunas. intestinal 0.0321 £ 0.0091 mL/min in Substrate cretion, rais- | Finkelstein et
centrations are reached by day 8. tissue ar; d st%n:lach col- healthy young people and ing serum al., 2010
Food decreases the extent of ab- hici ’ v dlist b i somewhat lower in persons levels and
sorption by roughly 15 %, but it | S'ciN® MOSLY AISTIBULES 004 60-70 (0.0292 + 0.0071 toxicity.

has no effect on the rate of ab-
sorption.

to the bile, liver, and kid-
neys.

mL/min). End-stage renal
failure reduces colchicine
clearance by 75 %.
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through non-CYP hepatic pathways. It is largely eliminated from the body through urine
(>98 %) and does not stop or start CYP enzymes or interfere with renal drug transporters such
OATS3. Also, prednisolone does not seem to hurt the kidneys and has a short half-life. Even in
persons with mild to moderate kidney problems, prednisolone generally will not modify how
allopurinol works in the body or make it more hazardous.

In conclusion, allopurinol has a minimal impact on liver enzymes, primarily because it does
not affect the Pgp and CYP450 enzymes. But it is highly susceptible to changes in pharmaco-
kinetics when taken with medications that influence renal function or share renal transport sys-
tems because it relies on renal excretion. NSAIDs such diclofenac, ibuprofen, naproxen, melox-
icam, celecoxib, and etoricoxib can limit the amount of allopurinol that the kidneys can pass by
either inhibiting OAT3 or lowering blood flow to the kidneys. Colchicine acts differently in the
body, but it's still a concern because it competes with the kidneys to get rid of it. Prednisolone
is still an exception because it does not interact with many other drugs. These results highlight
how crucial it is to keep an eye on how well your kidneys are working and to be careful about
adjusting the dose when you take these drugs with allopurinol, especially if you already have
kidney problems or have been taking the drugs for a long time.

On the other hand, Table 3 shows how febuxostat works and how it might interact with
other drugs that are widely used to treat gout and other inflammatory conditions. Febuxostat
has a high oral bioavailability, which means that about 85 % of the medicine is absorbed and
peak plasma concentrations are attained within 1 to 1.5 hours. It spreads out evenly throughout
the body, with a steady-state volume of distribution between 29 and 75 liters. Febuxostat is
broken down and removed by both the liver and the kidneys. Almost half of the amount that is
given is found in urine, mostly as metabolites. It is also known to stop cytochrome P450 en-
zymes including CYP1A2, CYP2C19, and CYP2C9 from working. Febuxostat also stops the
breast cancer resistance protein (BCRP), which is an important drug efflux transporter that
helps the body absorb drugs and spread them throughout the body. The medications in the table,
such as ibuprofen, naproxen, meloxicam, diclofenac, etoricoxib, prednisolone, and colchicine,
do not have any major pharmacokinetic interactions with febuxostat. Many of these medica-
tions are broken down by liver enzymes or removed by the kidneys, but they do not seem to
use the same transporters or enzyme routes that febuxostat does. Ibuprofen and naproxen, for
example, are broken down a lot and mostly leave the body in urine, but they do not have any-
thing to do with BCRP. Meloxicam and diclofenac affect different CYP enzymes, but they do
not have any clinically significant overlap with febuxostat's inhibitory profile. The kidneys
mostly get rid of prednisolone, and it does not change the cytochrome enzymes or transporters
that febuxostat does. Colchicine needs CYP3A4 and P-glycoprotein to break down and move
around, but the routes that were looked at did not show any interaction with febuxostat.
Celecoxib is the sole medicine in the table that might cause an interaction. It is a recognized
substrate of BCRP, and febuxostat's blocking of this transporter could make celecoxib more
easily absorbed and spread throughout the body. Depending on the patient's other health prob-
lems, dose, and metabolic status, this interaction could have different impacts on their health.
However, the possibility of higher celecoxib levels could make the risk of side effects higher,
thus it should be taken into account when giving the two drugs together.

In conclusion, febuxostat interacts well with most of the drugs that are typically adminis-
tered together to treat gout. The data show that there is a very low risk of metabolic or trans-
porter-mediated interactions, except for celecoxib, where febuxostat may enhance drug expo-
sure by blocking BCRP. When looking at possible drug-drug interactions in patients taking
febuxostat as part of combination therapy, this shows how important it is to look at both enzy-
matic and transporter-mediated pathways.
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Table 3: Overview of pharmacokinetic parameters and potential interaction risks between febuxostat and gout-associated medications.

Pgp . . e ... Metabolism Clinical
Drug substrate Absorption Distribution Elimination of CYP450 | Interactions References
Hepatically and renally,
The absorntion rate of oral Febuxostat is eliminated.
P . 49 % was recovered in
febuxostat is notably .hlgh at urine following oral admin-
85 %. The Tmax duration ranges | Febuxostat has an ap- istration of 80 mg of radio- | CYP1A2 Grabowski et
from 1 to 1.5 hours. Following parent steady-state vol- labeled febuxostat. 30 % CYP2C1§ al. 2011: Hu
Febuostt | N | . | ang | A Shcuronde 13 % i | and | -
(Comsx) Observed was 1.6 + 0.6 75 L which is low to dative metabolites and CYP2C9 In- Tomlinson,
max U : their conjugates, 3 % un- hibitor 2008
mcg/mL for the 40 mg dose of medium. modified. and 3 % un-
febuxostat and 2.6 + 1.7 known were the recovered
mcg/mL for the 80 mg dose. doses of febuxostat in
urine.
Orally absorbed ibuprofen .
reaches maximal serum con- Iztshf,irrimbr:.ﬂ]ic\-,lgfés;ffnt
centrations after 1-2 hours af- : ’ rdy
e tion can extend it to 3.1 to
ter extravascular injection. 3.4 hours. More than 90 %
When taken immediately after a of the dose is excroted anZi
;Tc?v?llé ragj,:) L?]té?]r;:lzzggrll:yhu- 99 % of the drug is metab- Bushra and
" . olized in the urine. Onl Aslam, 2010;
mans, the upper gastrointesti- The apparent volume of about 1 % of the dose )i/s No interac- Rainsford
Ibuprofen No nal system absorbs oral ibu- distribution of ibuprofen excreted in the liver as un- None tion 2009 Raé
profen quickly. Typically, is of 0.1 L/kg y
: . changed drug and phase Il and Knaus,
plasma concentration (Cmax) is metabolites. Age or renal 2008

20 mcg/mL, peak concentration
(Tmax) takes 2 hours, and area
under the curve (AUC) is 70
mcg-h/mL. Enantiomeric form,
route, and dosage affect these
pharmacokinetic parameters.

impairment do not affect
ibuprofen elimination,
which is mostly excreted
as metabolites or conju-
gates.
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Pgp . c e L . Metabolism Clinical
Drug substrate Absorption Distribution Elimination of CYP450 | Interactions References
Diclofenac is completely ab-
sorbed from the gastrointestinal
tract, but it undergoes signifi-
cant first-pass metabolism, so .
only 60 % of the dose reaches Qlcqueng Clise 2 E=IU L
the systemic circulation un- distribution volume, or
0.1-0.2 L/kg. Estimated | Diclofenac has a terminal
CHENEED. ETEUENEES £ central compartment half-life of 2 hours, but its
sorption of many topical formu- omp R . CYP1A2, .
. L volume is 0.04 L/kg. apparent half-life, including Davies and
it precless GiiEE]y el Peak concentrations of | all metabolites, is 25.8 to CZeTe) Anderson
. vant plasma concentrations. : : : ! . CYP2C9 No interac- ]
Diclofenac | No IS : diclofenac in synovial 33 hours. Diclofenac is : 1997a; Todd
Absorption is dose-proportional : ! and tion )
fluid occur 2—4 hours af- | mostly metabolized. About . and Sorkin,
from 25 to 150 mg. Oral solu- L . o ; CYP2DE6 in-
. . ter administration. It 60—-70 % of the dose is ex- L 1988
tions reach Tmax in 10-40 ; : : hibitor
: ; only crosses the blood- | creted in urine and 30 % in
minutes, enteric-coated tablets 4 .
: : brain barrier to 8.22 % feces.
in 1.5-2 hours, and sustained- .
of plasma levels in cere-
and extended-release formula- ) .
. . . brospinal fluid.
tions in longer time. Food does
not affect drug exposure (AUC),
but it can delay Tmax by 2.5-12
hours.
Naproxen is rapidly and com-
pletely absorbed when given
orally or rectally. The sodium The elimination half-life of
salt form is absorbed faster naproxen is 12—17 hours. Brutzkus et
than the free acid, reaching After oral administration, al. 2025
peak plasma concentration Nabroxen has a volume 95 % of naproxen and its D;vies a’n d
Nabroxen No (Tmax) at about 1 hour for of gistribution of 0.16 metabolites are excreted in None No interac- Anderson
P naproxen sodium and 2 hours L/k : the urine, with 66—92 % tion 1997b: To’dd
for the free acid. Food may de- 9 conjugated and less than and Cl,issol d
lay absorption but does not af- 1 % unchanged or 1990 ’

fect the overall extent.
Naproxen sodium has a faster
onset of action and may be
useful in treating acute pain.

desmethylnaproxen. Feces
contain less than 5 %.
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Pgp . C . Metabolism Clinical
Drug e e Absorption Distribution Elimination of CYP450 | Interactions References
Meloxicam is mostly re-
moved via hepatic metabo-
e lism, with metabolites dis-
IP ?n::z;rilc?:rtrlloir; \Q%IET; charged in urine and feces.
o ; N . . About 1.6 % of the dosage
About 89 % of meloxicam is bi- | L. It is concentrated in is eliminated unaltered in
oavailable prally. Peqk plasma \{vell—perfused tlssqes the feces and less than CYP2C9 Bekker et al.,
concentration (Cmax) is reached | like the liver and kid- 0.25 % in the urine. Since and 2018: Gong
. about 5-6 hours after meals, | neys due to its albumin | "o iination half-life is 20 | CYP3A4 In- | No interac- | et al., 2012;
Meloxicam | No but fasting nearly doubles it. affinity. Synovial fluid hours. it can be used once | hibitor: o TRl &1 2]
Unlike many other NSAIDs, meloxicam concentra- a day,without slow-release | CYP2C9 1996: Weiner
meloxicam can be taken with or | tions approach 40 % to formulations. unlike most Substrate 2018, ’

without food, despite this in-
crease.

50 % of plasma levels
after oral treatment. Hu-
man placentas can also
absorb the medication.

other NSAIDs. Meloxicam
added to bupivacaine for
postsurgical analgesia had
a median half-life of 33—42
hours, depending on dose
and site.
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Drug su: sgtrat e Absorption Distribution Elimination l\gtf.atél$gl‘;§:)n I ng::éfﬁ: ns References
Hepatic metabolism elimi-
nates most celecoxib, with
Celecoxib is quickly absorbed Iegs thar:j:? % re(ﬁ\]/ e;ed 1 F it.)gﬁostat
. ) . ; urine and feces. The feces inhibits
Ip:]eg(e p?:ssrt:;'rg;?g;‘:tlrgtaigﬁsw'th and urine excrete 57 % BCRP, a
. . d 27 % of an oral dose, transporter
(Cmax ~705 ng/mL) reaching Celecoxib has a steady- ;r; elv as metabolites involved in
roughly 3 hours following a sin- | state apparent volume Ca?baylic acid derivativés drug efflux in
gle 200 mg oral dose. Re- of distribution (Vss/F) of make up 73 % of expelled the intestine
peated dosage usually r_eaches 42911, in_dicating wides metabolites in urine and fe- | CYP1A2 This can in- .
| e | e e e | con butumnany lacw: | CYP2C8 n | s ne | Armad ot al,
Celecoxib No by 1-2 hours and AUC in- dicates a distribution ronide levels are modest. A | hibitor and absorption 2002; Gong
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3. NANOCARRIER IN DRUG DELIVERY

A nanocarrier is a nanoscale delivery system developed to transport therapeutic agents, in-
cluding drugs, DNA, or nucleic acids, to targeted cells or tissues within the body (Rahmani et
al., 2025; Sawant et al., 2006). These systems optimize the effectiveness of drug delivery by
enhancing the stability, solubility, and bioavailability of therapeutic agents, all while reducing
side effects. They demonstrate notable efficacy in traversing biological barriers, including the
blood-brain barrier, thereby enabling precise and regulated drug delivery at the intended site of
action (Wohlfart et al., 2011).

Nanocarriers can be designed to react to particular stimuli, including variations in pH or
temperature, facilitating targeted release in pathological conditions such as tumors or inflamed
tissues. These can be engineered to focus on particular cells or tissues, minimizing harm to
healthy cells (Sawant et al., 2006). These carriers are generally colloidal nanoparticles, with
dimensions spanning from 1 to 100 nanometres, and therapeutic applications frequently neces-
sitating sizes under 200 nm (Peer et al., 2007; Singh and Lillard, 2009). Their diminutive di-
mensions and extensive surface area enhance drug delivery and bolster stability in comparison
to traditional dosage forms. They provide excellent biocompatibility, prolonged circulation, and
consistent drug release over time (Chamundeeswari et al., 2019).

Nanocarriers can be made from a range of materials, such as lipids, polymers, and inorganic
substances, providing opportunities for versatile design in various shapes and sizes (Chou et
al., 2011; Zhang et al., 2021). Common types of nanocarriers encompass liposomes, micelles,
dendrimers, solid lipid nanoparticles, polymeric nanoparticles, and additional variants (Figure
4). They serve an essential function in nanobiotechnology, facilitating effective drug delivery
and diagnostics. The creation and analysis of nanocarriers encompass a range of methods aimed
at confirming their safety and efficacy for use in clinical settings. Lipid-based nanoparticles
have been utilized to encapsulate microbial nucleic acids, aiding in their delivery and improving
immune responses (Rahmani et al., 2025).

To further understand their potential in drug delivery, it is essential to examine the different
types of nanocarriers, highlighting their structural characteristics, composition, and specific ad-
vantages that contribute to improved therapeutic efficacy.

Hydrophilic head Phospholipid
Hydrophobic tail (Non-jonic surfactant) bilayer
(Phospholipid) Hydrophilic head
(Non-ionic surfactant)

Hydrophilic head

(Phospholipid) Ethanol

Cholesterol Hydrophilic drug

Ethosome

Hydrophobic tail

Edge activator

Phospholipid
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Hydrophobic drug
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Figure 4: Structure of various nanocarriers
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3.1 Types of nanocarriers

3.1.1 Liposomes

A liposome is a spherical vesicle composed of lipid bilayers capable of encapsulating both
hydrophilic and lipophilic drugs, making it a versatile drug delivery system, as illustrated in
Figure 4. Liposomes are colloidal vesicles with a bilayer structure that encapsulate aqueous
volumes, made from either natural or synthetic phospholipids (Atre and Rizvi, 2024). Their size
can range from 0.02 to 10 um, and they can be designed for targeted drug delivery purposes
(Shukla et al., 2018). The bilayer structure enables the encapsulation of both hydrophilic drugs
within the aqueous core and hydrophobic drugs in the bilayer membrane, thereby enhancing
therapeutic efficacy (Peng et al., 2023). The architecture of liposomes facilitates significant
drug loading efficiency, which is essential for achieving effective treatment results.

Liposomes offer numerous benefits compared to conventional drug delivery systems, such
as targeted delivery, controlled release, and protecting encapsulated drugs from degradation.
Thus, they enhance the solubility and stability of drugs, reduce toxic side effects, and improve
the pharmacokinetics and biodistribution of encapsulated substances, thereby enhancing thera-
peutic efficacy and patient quality of life. The distinctive characteristics encompass biocompat-
ibility, biodegradability, and the capacity to enhance drug solubility and stability.

Liposomes are categorised into different types, such as small unilamellar vesicles and mul-
tilamellar vesicles. Stealth liposomes, a specific variant of liposomes, undergo modification
with hydrophilic polymers such as polyethylene glycol (PEG) to improve stability and mini-
mize opsonisation, which in turn extends their circulation time within the bloodstream (Senjab
et al., 2024). The physical stability of liposomes is affected by factors such as lipid composition,
size distribution, and storage conditions, all of which are essential for their clinical application.
Different techniques, including thin-film hydration and ethanol injection, are utilized to create
liposomes.

3.1.2 Niosomes

One method of drug delivery is via niosomes, which are vesicles made of non-ionic surfac-
tant and are not toxic. These are microscopic vesicles made of non-ionic surfactants that, be-
cause of their amphiphilic nature, form closed bilayer structures. Amphiphiles in aqueous so-
lutions self-assemble to generate niosomes, which are vesicles based on nonionic surfactants.
Like liposomes, they form closed bilayer structures, as shown in Figure 4.

Both hydrophilic and hydrophobic medications can be encapsulated by niosomes, increas-
ing the potential applications for these molecules. They improve drug delivery by penetrating
the stratum corneum. They can act as drug transporters and encapsulate aqueous solutes. When
preparing niosomes for high encapsulation effectiveness, sorbitan monostearate, or Span 60, is
frequently utilized. Equimolar combinations of surfactants, such as Tween 80 and Span 80, are
used to create niosomes (Machado et al., 2018). The components of niosomes, such as stabi-
lizers and non-ionic surfactants, affect their effectiveness. For an example, cholesterol helps
stabilize the structure of niosomes by making the bilayer more hydrophobic and lowering its
surface energy. This not only supports the formation of smaller particles but also boosts how
well the formulation works (Zolkepli et al., 2025).

Because niosomes can form vesicular carriers, they offer efficient drugs delivery. In a range
of biological settings, they demonstrate strong chemical stability. Because of their stability and
affordability, niosomes are regarded as a liposome substitute. Compared to liposomes, they
have better chemical stability and are less expensive. For medication delivery methods, nio-
somes are being investigated as liposome substitutes. Besides, food, agricultural, pharmaceuti-
cal, and cosmetics sectors all also use niosomes. Applications for niosomes are numerous and
include gene and drug delivery.
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3.1.3 Ethosomes

Ethosomes are flexible lipid vesicles primarily made up of phospholipids, ethanol, and wa-
ter. Their design aims to improve transdermal drug delivery by enabling deeper skin penetration
and addressing the challenges posed by the epidermal barrier, with their structural composition
illustrated in Figure 4. In contrast to traditional systems, ethosomes demonstrate enhanced ef-
ficacy in the delivery of both hydrophilic and lipophilic drugs, particularly those characterized
by limited skin permeation and low oral bioavailability. The high ethanol content of ethosomes,
usually between 20 % and 45 %, is a significant characteristic that enhances membrane fluidity
and improves drug permeability (Akhtar et al., 2022). The inclusion of ethanol, paired with
edge activators like Tween 20, enhances their effectiveness in facilitating drug transport across
biological membranes, enabling the concentration of drugs in deeper layers of the skin.

Ethosomal formulations are straightforward, secure, and efficient, providing controlled
drug release as evidenced by zero-order release in in-vitro studies. Sonicated ethosomes demon-
strate favorable attributes, including reduced vesicle size and improved entrapment efficiency,
both of which are essential for optimal skin permeation and increased therapeutic effectiveness.
Ethosomes have demonstrated successful applications across multiple domains, such as photo-
dynamic therapy, cosmeceuticals, and other topical drug formulations, surpassing liposomes
and hydroethanolic solutions in penetration depth and drug delivery efficiency.

3.1.4 Transferosomes

Figure 4 illustrates transferosomes, which represent extremely flexible and malleable ve-
sicular systems composed of phospholipids and an edge activator. The efficiency of drug de-
livery is improved by their ability to readily deform and penetrate biological barriers, such as
the skin and mucosal membranes, due to their distinctive structure. The presence of edge acti-
vators enhances bilayer fluidity, thereby contributing to their remarkable elasticity and deform-
ability.

These vesicles possess the ability to encapsulate hydrophilic, lipophilic, and amphiphilic
drugs, thereby serving as effective carriers for a diverse array of active compounds. Trans-
ferosomes demonstrate markedly enhanced skin penetration, superior drug bioavailability, and
extended drug release while maintaining low toxicity in comparison to traditional liposomes
and ethosomes (Rahman et al., 2020). They are also straightforward to expand without relying
on additives that do not meet pharmaceutical standards.

Transferosomes have been effectively utilized in numerous drug delivery investigations,
such as transdermal insulin delivery and improved voriconazole formulations for treating fun-
gal infections (Marwah et al., 2016). The addition of components, such as clove oil, has demon-
strated potential in mitigating side effects like nephrotoxicity while simultaneously improving
therapeutic efficacy. Their enhanced permeability and capacity to circumvent first-pass metab-
olism render them a highly promising system for both topical and transbuccal drug delivery.

3.1.5 Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) are lipid-based drug delivery systems that have been de-
veloped since the 1990s, offering enhanced stability and controlled drug release (Marwah et al.,
2016). Their structural architecture is depicted in Figure 4. They consist of solid lipids, surfac-
tants, and water. Their solid structure, which is characterized by diameters that typically range
from 50 to 1000 nm, sets them apart from hollow vesicular carriers (Miller and Spence, 1998).
SLNs are composed of physiological lipids, demonstrating an absence of biotoxicity and a no-
table reduction in toxicity effects.

These nanoparticles significantly improve drug bioavailability by optimizing absorption
mechanisms, including intestinal uptake and lymphatic transport. These systems are capable of
encapsulating both hydrophilic and hydrophobic, facilitating precise delivery, prolonged
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release, and safeguarding against degradation in the gastrointestinal tract. SLNs demonstrate
promise in augmenting corneal absorption, enhancing ocular bioavailability, and facilitating
autoclave sterilization for ocular formulations.

Methods for preparing SLNs encompass both hot and cold homogenization as well as mi-
croemulsions, rendering them appropriate for large-scale production (Gasco et al., 2009). While
SLNs offer certain benefits, they also face challenges such as limited drug loading capacity and
elevated water content in dispersions. These issues have been tackled by the advancement of
nanostructured lipid carriers (NLCs), which exhibit enhanced drug loading and release charac-
teristics. SLNs have shown promising results in drug delivery across a range of applications,
such as transdermal, ocular, and targeting the central nervous system. In the treatment of dia-
betes, research has focused on improving the pharmacokinetics of medications such as empagli-
flozin, suggesting their potential to enhance therapeutic results.

3.1.6 Nanoemulsion

Characterized by droplet sizes typically ranging from 10 to 1000 nm, nanoemulsions are
fine oil-in-water (O/W) or water-in-oil (W/O) dispersions stabilized by surfactants. A visual
representation of their internal structure and composition is captured in Figure 4. These trans-
parent or translucent emulsified systems enhance the bioavailability of poorly soluble drugs
and herbal products, making them suitable carriers for drug delivery systems. The small droplet
size provides increased surface area, stability, and an occlusive effect, improving drug release
profiles and dermal drug permeation.

Nanoemulsions are composed of oils, surfactants, and an aqueous phase. They protect ac-
tive ingredients from oxidation, hydrolysis, and volatilization, contributing to their effective-
ness in both oral and topical drug delivery. Their ability to enhance skin penetration and im-
prove the therapeutic efficacy of active compounds makes them valuable for dermatological
and cosmetic applications.

Several studies have explored nanoemulsion formulations for different purposes, such as
Phyllanthus emblica branch extract for potential skin applications, AG-loaded nanoemulsions
to improve oral bioavailability and anti-inflammatory effects, and Rapanea ferruginea extract
for enhanced topical delivery and anti-inflammatory activity. High entrapment efficiency, sta-
bility, and nanoscale droplet sizes have been observed in these formulations, confirming their
effectiveness as drug delivery carriers.

3.2 Nanocarriers in the treatment of gout

A variety of nanocarriers, including liposomes, niosomes, and ethosomes, are employed in
the treatment of gout. These carriers are designed to specifically gather in inflamed joints and
provide therapeutic agents right at the site of action. The aim of these nanocarrier systems is to
boost drug efficacy, reduce side effects, and enhance therapeutic outcomes in gout manage-
ment. Expanding upon this, the use of these nanocarriers in gout treatment has been explored,
emphasizing the encapsulation of individual therapeutic agents to improve their effectiveness
and address the challenges linked to traditional formulations.

An example of this is allopurinol, which has been encapsulated in niosomes as well as in
chitosan-based nanoparticles (Kandav et al., 2019; Singh et al., 2017). The formulations lead
to a notable decrease in uric acid levels and inflammation, offering sustained drug release, en-
hanced solubility in biological fluids, improved bioavailability, and lower toxicity in compari-
son to free allopurinol (Qi et al., 2024). The oral bioavailability of febuxostat has been greatly
improved through its incorporation into nanoemulsions and a self-nanoemulsifying drug deliv-
ery system (Heena et al., 2022). The formulations enhance permeation, especially for transder-
mal delivery, owing to their small droplet size and low viscosity, while also minimizing drug
loss prior to reaching the target site (Al-Amodi et al., 2020).
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Colchicine has been incorporated using nanoemulsions and nanoparticles derived from chi-
tosan (Aboumanei and Fayez, 2021; Parashar et al., 2022). The nanocarriers enhance the reten-
tion of the drug within the joint cavity for intra-articular injections, demonstrate improved an-
tigout activity relative to solution forms, and facilitate sustained release while avoiding first-
pass metabolism during transdermal delivery. Furthermore, myricitrin has been effectively in-
corporated into proliposomes, showcasing improved bioavailability and diminished liver and
kidney toxicity in comparison to the unencapsulated drug (Weng et al., 2019).

Copper oxide nanoparticles have been investigated as a potential therapeutic strategy for
gout treatment, demonstrating a notable decrease in uric acid levels and enhanced biocompati-
bility(Herdiana et al., 2025). In comparison to copper sulfate, copper oxide nanoparticles
demonstrate reduced toxicity to the kidneys and liver, positioning them as a more favorable
option. Encapsulated in solid lipid nanoparticles, Shogaol has demonstrated improved bioavail-
ability and heightened efficacy against gout. The SLNs exhibited characteristics of being small
(under 100 nm), spherical, and smooth, alongside a notable encapsulation efficiency of 87.67 %
(Herdiana et al., 2025). The in vitro release profiles were notably improved, and they demon-
strated enhanced oral bioavailability when compared to free Shogaol (Wang et al., 2018). In
addition to these, alpha-phellandrene has been formulated into a transdermal ethosomal gel,
which enhances skin deposition and permeation, contributing to effective anti-gout activity
(Valsalan Soba et al., 2021).

Furthermore, various non-steroidal anti-inflammatory drugs (NSAIDs) have been incorpo-
rated into nanocarrier systems to improve their therapeutic profiles in gout management.
Etoricoxib, encapsulated in niosomes, demonstrates improved entrapment efficiency and sus-
tained release, enhancing its anti-inflammatory effects (Ravalika and Sailaja, 2017). Lornox-
icam, formulated as a liposomal gel, provides prolonged release and improved topical delivery
efficiency, while naproxen, loaded into niosomes, exhibits improved drug loading and con-
trolled release, resulting in enhanced anti-inflammatory activity (Krishna Sailaja and Shreya,
2018; Kumbhar et al., 2013)

In addition to these, other nanocarrier systems like zinc oxide nanoparticles, turmeric nano-
particles (T-NPs), and bio-nanoparticles have been recognized for their promising potential in
the treatment of gout. Zinc oxide nanoparticles play a significant role in alleviating oxidative
stress and managing gout arthritis, whereas turmeric nanoparticles have shown potential as ef-
ficient anti-gout agents (Kiyani et al., 2019a, b). Research has shown that different types of
nanoparticles, such as copper oxide and bio-nanoparticles, significantly decrease ankle inflam-
mation and the biochemical markers linked to gout. The various approaches utilizing nanocar-
riers highlight the promise of single-drug encapsulation strategies in addressing the challenges
associated with free drugs. These strategies offer enhanced drug solubility, improved bioavail-
ability, targeted delivery, and minimized systemic toxicity, thereby significantly improving
therapeutic outcomes in the management of gout.

Expanding on the previous section, which highlighted the selection of nanocarriers for spe-
cific drug pairings, this section focuses on the functionalization strategies used to tailor these
systems for advanced therapeutic performance. Functionalization typically involves modifying
the surface or internal structure of nanocarriers to enable features such as sequential drug re-
lease, targeted delivery, and responsiveness to physiological stimuli. These modifications are
particularly important in dual-drug delivery systems, where precise control over the release
profile and biodistribution of each agent is crucial. Nanocarriers such as liposomes, niosomes,
micelles, and polymeric nanoparticles are commonly engineered through these approaches to
enhance treatment specificity and efficacy in complex diseases.
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3.3 Functionalization strategies in nanocarrier

A lot of research has been done on how to improve site-specific delivery and cellular ab-
sorption by changing the surface with targeting ligands such aptamers, receptor ligands, anti-
bodies, folic acid, and chondrocyte-targeting motifs like the chondrocyte affinity peptide
DWRVIIPPRPSA (Hu et al., 2021; Muzzalupo and Mazzotta, 2019; Pi et al., 2011). In the
treatment of osteoarthritis, acid-activatable poly-beta-amino-esters (PBAEs) have been chemi-
cally modified to enhance their targeting and uptake in cartilage (Kang et al., 2020). The net
charge in cationic peptide carriers (CPCs) has also been optimized to help drugs stay in cartilage
longer. Dex/FA-Oxi-aCD uses folic acid to target inflammatory joints in people with rheuma-
toid arthritis (Liu et al., 2020).

Another important strategy is to use polymers for functionalization. For instance, PEGyla-
tion makes tumors more likely to gather and nanoparticles more likely to move about, but it
might make targeting less effective. This has led to the creation of nanoparticles with sandwich-
like surfaces that may stay in the body longer and target specific areas. These nanoparticles
have matrix metalloproteinases (MMP)-sensitive linkers that let the PEG layers split, which
makes it easier for cancer cells to adhere to the specific ligands (Liu et al., 2024). Researchers
have also made surface-engineered nanoparticles that can be programmed to circulate and target
tumors utilising enzyme-sensitive mPEG-Pep-PCL and folate-containing FA-PEG-PCL copol-
ymers. These nanoparticles have a sandwich shape with a hydrophobic inner core, a targeted
middle layer, and a long-circulating outside layer. This makes it easier for drugs to build up at
cancer sites.

Responsive nanocarrier technologies have not yet been used in clinical settings to treat gout.
However, their basic design principles, which were first studied in cancer and inflammatory
disorders, suggest that they could be very useful for treating gout in the future. These systems
use internal or external cues to release drugs at the right time, giving them better pharmacoki-
netic control and localized administration. You can make carriers like lipidosomes, micelles,
and carbon nanotubes with enzyme-labile connections that break down when certain enzymes
are present. For example, MMPs, which are commonly overexpressed in tumor microenviron-
ments, have been employed to help in localized release. During gout flares, inflamed synovial
tissues may be able to use similar enzymatic signals, and higher protease levels might be used
as a targeted release trigger.

pH-responsive and ROS-responsive nanocarriers seem to be the best options for gout since
the response of the body to acute flares is so different. During these times, inflammatory cells,
metabolic waste, and lactic acid build up in the joints, making the area more acidic. To take
advantage of this, pH-sensitive nanocarriers are usually made using chemicals like resveratrol
and urocanic acid in emulsion-based ways (Song et al., 2023). These systems stay stable at
normal body pH, but they release their encapsulated drugs when they come into contact with
acidic environments. This feature is especially useful for targeting joints that are swollen with
gout as the pH range at the inflamed joint is slightly acidic.

Vesicular systems, like niosomes or liposomes, that are made using cholesteryl hemisuc-
cinate or hexadecyl-poly(acrylic acid) copolymers have been shown to release drugs and be
taken up by cells better at low pH (Gugleva et al., 2024). These traits make them good candi-
dates for getting drugs to places where gout-related inflammation is happening, which is usually
acidic. Simultaneously, Boric esters, thioketal linkers, or disulphide bonds have been employed
to create ROS-responsive nanocarriers, which are cleaved in oxidative environments (Koo et
al., 2008; Tao and He, 2018; Wilson et al., 2010). In gout, the activation of neutrophils and
macrophages throughout the inflammatory cascade makes a lot of reactive oxygen species
(ROS), which makes oxidative stress worse in the area (Zhang et al., 2024a). ROS-responsive
carriers can consequently allow the release of urate-lowering or anti-inflammatory medicines
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in targeted areas of inflamed joints. Many of these systems also have the ability to scavenge
ROS on their own, which protects tissues even more by reducing oxidative damage.

Other responsive modalities, such nanocarriers that are triggered by light, have also showed
potential in cancer research. Platforms that use bis-(alkylthio) alkene (BATA) and chlorin e6
(Ce6) to make light-induced singlet oxygen (*102) for drug release, and azobenzene deriva-
tives that let you regulate space through light-activated prodrug activation (Liu et al., 2020).
Localized phototriggered systems may have future potential in inflammatory conditions, alt-
hough it is yet unclear how they will work in deeply located joint tissues.

Nanocarriers that have been created on the surface have also been shown to increase circu-
lation time and tissue targeting. For instance, albumin-binding domains help inflammatory
macrophages (like RAW264.7 cells) take up more of the drug, while pH-sensitive histidine
residues and solubility-enhancing guanidinium groups in liposomal structures make it easier
for the drug to interact with acidic, inflamed tissues (Liuet al., 2020). These designs have mostly
been utilized with medications like paclitaxel and curcumin but modifying them for gout-spe-
cific treatments could help combo therapy work better.

With a clearer understanding of how nanocarriers can respond to the inflammatory and ox-
idative environment characteristic of gout, it becomes essential to investigate how these sys-
tems can be further optimized for targeted and efficient drug delivery. A promising direction
involves the incorporation of functional features that enhance the nanocarrier’s ability to local-
ize at diseased tissues, regulate therapeutic release, and engage dynamically with the patholog-
ical microenvironment. These functional strategies, including surface modifications to improve
tissue targeting and structural adaptations to enable controlled and responsive drug release, play
a pivotal role in translating nanomedicine concepts into viable therapeutic platforms. The fol-
lowing sections will provide a detailed overview of these functional strategies and their poten-
tial to enhance the precision and therapeutic performance of nanocarrier-based interventions
for gout.

3.4 Functionalization strategies in nanocarrier in the treatment of gout

This potential is demonstrated in nanocarrier systems designed for gout treatment, where
the release of active agents is guided by physiological triggers such as pH changes, oxidative
stress, and polymer degradation. These smart systems adapt to the inflammatory environment
to improve drug solubility, enhance targeting, and ensure a more controlled therapeutic effect.
Reactive oxygen species (ROS)-responsive nanocarrier systems have emerged as promising
strategies for targeted drug delivery, especially in inflammatory conditions such as gout, where
elevated ROS levels are characteristic of the diseased microenvironment. The polydopamine—
platinum nanocarrier treats acute gout through a multi-step process that responds to the unique
microenvironment of the affected tissues, as discussed in the paper "Mild hyperthermia-en-
hanced synergistic uric acid degradation and multiple ROS elimination for effective acute gout
therapy” (Zhao et al., 2024). It begins with the formation of polydopamine nanoparticles, which
are created by allowing dopamine to self-polymerize in an alkaline solution. These nanoparti-
cles serve as a platform for platinum to bind and grow, resulting in a stable core-shell structure
with a large surface area and plenty of reactive sites for further interaction. The platinum parti-
cles act like several natural enzymes, mimicking the activity of uricase, catalase, and superoxide
dismutase. This allows the system to break down uric acid into more soluble forms while elim-
inating harmful reactive oxygen species, such as superoxide anions, hydrogen peroxide, and
hydroxyl radicals. Unlike natural uricase, this nanocarrier avoids producing hydrogen peroxide
during uric acid degradation, which helps prevent further inflammation. Meanwhile, the poly-
dopamine itself plays a supportive role by neutralizing reactive oxygen species and helping to
repair damaged cells. Both polydopamine and platinum are also capable of absorbing Near-
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Infrared-II (NIR-II) light, which allows the system to gently heat up in response to laser expo-
sure. This mild warming effect enhances the enzyme-like activity of the nanocarrier, improves
uric acid breakdown, increases oxygen levels, and helps to alleviate the hypoxic conditions
often present during gout inflammation. It also improves the solubility of MSU crystals, making
them easier to metabolize and clear. In addition, this system helps reduce inflammation by low-
ering the activity of the NF-kB signaling pathway, which in turn reduces the release of inflam-
matory markers like TNF-a, IL-6, and IL-1B3. By combining multiple therapeutic effects such
as uric acid degradation, reduction of oxidative stress, alleviation of hypoxia, suppression of
inflammation, and promotion of cellular recovery, this nanomedicine presents a comprehensive
and promising approach for the treatment of acute gout.

Building upon the discussion of nanocarrier systems, it is important to consider how poly-
mer degradation influences drug release behavior. The drug release mechanism of poly(lactic-
co-glycolic acid) (PLGA) nanoparticles follows a multi-phase degradation process that ensures
sustained and controlled therapeutic effects, especially useful in treating conditions like
gout.The first phase involves an initial burst release, which occurs rapidly due to the immediate
diffusion of drug molecules that are loosely associated with or adsorbed on the surface of the
nanoparticles. This is followed by a slower second phase driven by polymer chain scission,
where the long chains of PLGA begin to break into shorter fragments, gradually releasing the
encapsulated drug. Over time, the process transitions into a third and final phase characterized
by bulk polymer erosion. During this stage, the structural integrity of the nanoparticle is lost,
and the remaining drug is released in a sustained manner. This prolonged release is particularly
beneficial for delivering uricase, a therapeutic enzyme with a naturally short half-life in the
bloodstream, as it helps maintain its therapeutic levels over an extended period. When com-
bined with anti-inflammatory agents like aceclofenac, which is also encapsulated within the
nanoparticles, the system provides a dual-action effect: degrading monosodium urate crystals
while simultaneously reducing inflammation. Through this controlled and time-dependent deg-
radation of the polymer matrix, PLGA nanoparticles offer an effective and sustained therapeutic
strategy for the complete resolution of urate deposits and inflammation in gout treatment, as
demonstrated in the study on nanoparticulate combination therapy for urate crystal degradation
(Tiwari et al., 2015).

The release of allopurinol from pH-sensitive nanocarriers offers an effective strategy to
improve its bioavailability and therapeutic outcome in gout treatment. These hydrogel beads
are made by combining carrageenan, a naturally occurring sulfated polysaccharide, with colla-
gen extracted from fish scales as discussed in (Nguyen et al., 2020). The two components in-
teract through ionic and hydrogen bonding, creating a stable and responsive network that reacts
to changes in environmental pH. Allopurinol is incorporated into this structure and further sta-
bilized through hydrogen bonding with the functional groups on carrageenan and fish scale
collagen, which helps regulate its release and improves its solubility in biological fluids. The
responsiveness of the hydrogel beads to pH is a key feature of this system. In acidic environ-
ments, the amine groups of allopurinol molecules become protonated, making the drug more
dispersible and allowing it to diffuse more easily through the gel network. This pH-triggered
behavior plays an important role in facilitating the release of the drug when needed. Interest-
ingly, even though allopurinol itself tends to release better in acidic conditions, the hydrogel
beads showed a higher release at physiological pH, around 7.4. This suggests that the hydrogel
matrix is capable of fine-tuning the drug release based on the surrounding pH, which is espe-
cially useful in targeting specific tissues. One of the major challenges with using allopurinol is
its poor solubility in acidic and aqueous environments, which can limit how well the drug is
absorbed and used by the body. This hydrogel-based delivery system helps overcome that lim-
itation by enhancing its dissolution rate, with studies showing a 1.6 to 6.7 times increase in drug
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release compared to its crystalline form. This improvement allows for more consistent and ex-
tended drug delivery over time, which is important for maintaining effective treatment levels
in the body. By offering a controlled and sustained release, this system has the potential to
reduce the number of doses required and improve patient compliance, ultimately making gout
management more effective and convenient.

3.5 Integrating co-encapsulation with sequential release

Co-encapsulation and sequential release are innovative ways to distribute drugs that attempt
to improve their effectiveness, optimize their release profiles, and reduce their systemic side
effects. These methods are especially helpful for treating complicated disorders that need more
than one drug to be given at the same time or in a planned order. Both techniques are widely
used together in multifunctional delivery systems to meet a wide range of therapeutic needs,
even though they have different mechanistic focusses: co-encapsulation focusses on simultane-
ous administration, whereas sequential release focusses on temporal control.

Co-encapsulation is when two or more active pharmaceutical ingredients are put into the
same carrier system so that they can be delivered to the same target site at the same time. This
method works well for therapies where medications work better together or need to be kept
stable while they move through biological settings. One example is putting Vitamin C and GX-
50 together in liposomes, where V¢ was in the water compartment and GX-50 was in the lipid
bilayer (Wang et al., 2024b). This separation made both chemicals more chemically stable and
better at treating diseases. Compared to formulations with only one drug, the resulting system
had better antioxidant activity and tyrosinase inhibition. The release behavior followed the
Korsmeyer—Peppas model, which showed that both diffusion and matrix erosion controlled the
rate at which the drug was released. These are important for getting sustained or delayed release
profiles.

One interesting case was demonstrated in Figure 5 the use of pH-responsive chitosan/algi-
nate nanogel nanocarriers to transport both doxorubicin and methotrexate at the same time,
taking advantage of the acidic cancer microenvironment (Costa-e-Sa et al., 2024). In this
method, doxorubicin was designed to be released quickly in acidic circumstances, which al-
lowed cancer cell membranes to be broken down early. Methotrexate, on the other hand, was
released more slowly, which stopped DNA synthesis for a longer time. This separation in time,
made possible by the smart design of the carrier's pH-sensitivity, showed improved therapeutic
synergy by matching the drug's activity with the tumor's pathological evolution.

In the same way, fucoxanthin (FUC) and curcumin (Cur) were put together in a solid-in-
oil-in-water (S/O/W) emulsion with each drug carefully placed in a different section of the
formulation (Wang et al., 2024a). This design made it possible to manage the release of the two
compounds in space and time. One molecule was released early in the upper gastrointestinal
system, while the other was kept safe for release later in the digestive tract. These examples
show how functionalization can be used to synchronise co-delivery and phase-specific release.

On the other hand, sequential release is meant to administer several agents in a regulated
way that depends on time. This kind of time control is especially important in treatments where
the effects of drugs only happen at certain stages or in a certain order. In a trial with multilayer
film devices, the order in which pirfenidone and ketoprofen were released could be exactly
controlled by changing the position of the drugs and the amount of plasticiser (Jennings et al.,
2017). The outcome was a planned release pattern that kept working for several days to reduce
inflammation and fibrosis. Another design used "forward" and "reverse" layering methods to
control when the drug was released dependent on the composition of the matrix. This showed
that drug activation can be changed.
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1. Co-encapsulation of the drugs 2. Nanocarrier targeting acidic site 3. Sequential release and action of
into nanocarrier the drugs

Acidic pH Slow release of

Methotrexate stops
DNA synthesis for a
longer time

Rapid release of
Doxorubicin for cell
pH-sensitive membranes to be broken

release is triggered down

Figure 5: Design of a pH-triggered co-delivery system for sequential doxorubicin and methotrexate re-
lease

It is also important to note that some delivery methods are made just for sequential distri-
bution without co-encapsulation. In these systems, medications are put into several phases or
layers, and the timing of their release is controlled by how quickly the carrier breaks down or
how quickly it spreads. Even though these kinds of systems do not entail co-localization within
a single matrix, they still let drugs work in ways that are specific to biological demands. To
sum up, co-encapsulation and sequential release are not mutually exclusive in the field of cur-
rent drug delivery science. Instead, they work hand-in-hand. By combining them into one plat-
form, numerous medicines can be delivered at the same time with site-specific and temporally
controlled release. This improves therapeutic performance while lowering toxicity. These tech-
nologies are a huge step forward in the development of next-generation treatments and could
be very useful in personalized medicine.

3.6 Co-encapsulation opportunities in gout treatment

These kinds of new ideas are a great way to move forward with the creation of personalized
and very effective therapeutic systems. Advanced nanocarrier-based formulations have the po-
tential to help manage complex diseases by customising drug delivery to the unique pharmaco-
kinetic and therapeutic needs of different agents. This is especially true for diseases like gout,
which need both long-term urate control and quick action during acute flares. In theory, co-
encapsulation and sequential release techniques could meet both of these needs by allowing
anti-inflammatory and urate-lowering medicines to be released at the same time or at different
times within a single nanocarrier system. This might make it easier to take pills, make people
more likely to follow the rules, and make drugs work better in inflamed joints or throughout
the body.

When choosing medications to co-encapsulate with allopurinol or febuxostat, the formula-
tion strategy must be carefully linked with the therapeutic goals, which could be to reduce urate
levels, treat acute inflammation, or do both in a dual-action regimen. Meloxicam and etoricoxib
stand out among NSAIDs as theoretically good candidates for co-formulation with either urate-
lowering agent because they have a long half-life, continue to work as anti-inflammatories, and
do not cause any severe metabolic or transporter-mediated problems. There have been no re-
ports of co-delivery systems like this being used to treat gout in the clinic. However, putting
allopurinol-meloxicam or febuxostat—-meloxicam in long-acting carriers like PEGylated lipo-
somes or niosomes may help the drugs work longer and make patients more likely to stick to
their treatment, especially for long-term therapy.
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In acute-phase applications, prednisolone might conceivably be used as a co-encapsulation
partner for allopurinol or febuxostat because it starts working quickly, suppresses the immune
system, and does not interfere much with important drug-metabolizing enzymes or transporters.
Fast-release nanocarrier might be made to give prednisolone and a urate-lowering drug at the
same time, which would be helpful during flare-ups. The pharmacokinetics of allopurinol and
prednisolone are compatible since prednisolone has a short half-life and is cleared by the kid-
neys. Febuxostat's hepatic elimination profile does not provide any known interaction risk,
therefore both combinations are worth looking into in the future.

Another drug that could be used with other drugs is diclofenac. Its ability to quickly relieve
pain and penetrate synovial fluid make it useful for localized administration systems such intra-
articular injectables or transdermal patches when used with allopurinol or febuxostat. There
have been no direct metabolic problems seen with the xanthine oxidase inhibitors, even though
they are broken down by several CYP enzymes. If the renal effects are well managed, giving
diclofenac with either medicine may provide further benefits.

Because it has a long half-life and targets microtubules, colchicine should also be consid-
ered for inclusion in sustained-release co-encapsulation platforms. There may be worries about
co-delivery with allopurinol because they both use the same renal elimination pathways. How-
ever, careful dose planning or separating the two drugs in time within the carrier system could
lower the risk of toxicity. Co-formulation with febuxostat seems better since febuxostat does
not change the activities of CYP3A4 or Pgp, which are important for managing colchicine. This
means that there is a decreased chance of pharmacokinetic interaction.

Short-acting NSAIDs, such as ibuprofen and naproxen, may not be the best choice for long-
term use, but they could work in rapid-release co-delivery systems made for quick symptom
relief. They do not interact much with xanthine oxidase inhibitors, and their pharmacokinetics
are predictable, therefore they are relatively safe theoretical possibilities for combination for-
mulations.

Celecoxib, on the other hand, could be difficult. It seems that febuxostat is compatible with
allopurinol in terms of pharmacokinetics. However, febuxostat's recognized ability to block the
breast cancer resistant protein (BCRP), which is a transporter that helps get rid of celecoxib,
enhances the risk of higher systemic exposure and related side effects. If this combination were
to be looked at further, it would probably need careful dose adjustment or compartmentalized
distribution to be safe.

Overall, putting urate-lowering medications like allopurinol or febuxostat together with cer-
tain anti-inflammatory drugs is a potentially appealing way to manage gout in a personalized
way. Even if it's still in the preclinical stage, this method lets you change the release kinetics,
target inflamed or metabolically active areas, and lower systemic toxicity by using nanocarrier
design. As research moves forward, it will be very important to pay close attention to medica-
tion compatibility, vesicle stability, and clinical validation in order to turn these combinations
from promising ideas into real treatments.

CONCLUSION

Gout continues to impose a substantial clinical burden, driven by the intricate interplay be-
tween persistent hyperuricemia and episodic, yet debilitating, inflammation. While conven-
tional monotherapies remain foundational, their limitations such as inadequate dual-action con-
trol, inconsistent pharmacokinetics, and safety concerns underscore the urgent need for more
sophisticated therapeutic strategies. Nanocarrier-based drug delivery systems emerge as a
promising paradigm shift, enabling precise co-delivery of urate-lowering and anti-inflamma-
tory agents with enhanced bioavailability and reduced systemic toxicity. The integration of ad-
vanced functionalization techniques further empowers these platforms to respond intelligently
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to the inflamed joint microenvironment, particularly to acidic pH and oxidative stress. Such
dual-responsive nanocarriers represent a significant leap toward personalized and disease-tar-
geted interventions. Although clinical translation is still evolving, the compelling preclinical
evidence highlights their transformative potential in redefining the therapeutic landscape of
gout. Continued interdisciplinary research and early-phase clinical trials will be pivotal in
bridging the gap between bench and bedside, ultimately advancing precision medicine in gout

management.
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