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Abstract 

Background/Objectives: Hydrogels are highly hydrated, biocompatible polymer networks 

increasingly investigated as drug-delivery systems (DDS) for analgesics. Their ability to modulate 

local release, prolong drug residence time, and reduce systemic toxicity positions them as promising 

platforms in perioperative, chronic, and localized pain settings. This scoping review aimed to 

systematically map clinical applications, efficacy, and safety of hydrogel-based DDS for analgesics, 

while also documenting non-DDS uses where the matrix itself contributes to pain modulation 

through physical mechanisms. Methods: Following PRISMA-ScR guidance, PubMed, Embase, and 

Cochrane databases were searched without publication date restrictions. Only peer-reviewed clinical 

studies were included; preclinical studies and non-journal literature were excluded. Screening and 

selection were performed in duplicate. Data extracted included drug class, hydrogel technology, 

clinical setting, outcomes, and safety. Results: A total of 26 clinical studies evaluating hydrogel 

formulations as DDS for analgesics were included. Most were randomized controlled trials, spanning 

1996–2024. Local anesthetics were the most frequent drug class, followed by opioids, corticosteroids, 

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs), and neuromodulators. Application sites were 

predominantly topical/transdermal and perioperative/incisional. Across the DDS cohort, most of the 

studies reported improved analgesic outcomes, including reduced pain scores and lower rescue 

medication use; neutral or unclear results were rare. Safety reporting was limited but tolerability was 

generally favorable. Additionally, 38 non-DDS studies demonstrated pain reduction through 

hydrogel-mediated cooling, lubrication, or barrier effects, particularly in burns, ocular surface 

disorders, and discogenic pain. Conclusions: Hydrogel-based DDS for analgesics show consistent 

clinical signals of benefit across diverse contexts, aligning with their mechanistic rationale. While 

current evidence supports their role as effective, well-tolerated platforms, translational gaps remain, 

particularly for hybrid nanotechnology systems and standardized safety reporting. Non-DDS 

applications confirm the intrinsic analgesic potential of hydrogel matrices, underscoring their 

relevance in multimodal pain management strategies. 

Keywords: hydrogels; drug delivery systems; analgesics; pain management; scoping  

review 

 

1. Introduction 
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Hydrogels—highly hydrated, biocompatible, and tunable three-dimensional polymer 

networks—have emerged as versatile platforms for DDS. Their ability to encapsulate and release 

active pharmaceutical ingredients with controlled profiles, while simultaneously reducing undesired 

systemic exposure, is a key advantage. These properties stem from a delicate balance between their 

crosslinked structure, water content, and release mechanisms (e.g., diffusion, degradation, swelling), 

which allows formulations to be tailored to specific therapeutic contexts. "Smart" or stimuli-

responsive hydrogels (sensitive to pH, temperature, enzymes, light, or redox conditions) add a 

further layer of temporal and spatial precision to drug release. Furthermore, hybrid hydrogel-

nanotechnology systems integrate nanoparticles or other nanostructures to enhance drug loading, 

stability, and targeting [1,2]. 

In the management of pain, interest in hydrogels is driven by the goal of enhancing the clinical 

efficacy of analgesics while minimizing systemic toxicity and exposure variability, particularly for 

hydrophobic molecules or those with a narrow therapeutic window. The use of natural and synthetic 

matrices—including injectable or in situ-forming variants—aims to prolong the local residence time 

of the drug, mitigate the initial "burst release," and promote tissue targeting in settings where 

systemic administration is suboptimal. Recent literature indicates a growing interest in sustained-

release approaches for analgesics (including local anesthetics) and in stimuli-responsive platforms 

that allow for finer control over release kinetics [3,4].  

Given the broad technological scope (polymer origin, crosslinking methods, loading modalities, 

responsiveness) and the variety of relevant outcomes (e.g., targeting precision, reduction of dose-

dependent adverse events, improved bioavailability, and delivery of hydrophobic drugs), a scoping 

review is an appropriate method to systematically map formulations, mechanisms, and applications 

in the analgesic domain, without being limited to a single class of molecules or setting. Moreover, the 

emergence of hybrid hydrogel-nanotechnology systems suggests new interdisciplinary research 

directions—from materials design to clinical pharmacokinetics—that warrant a structured 

reconnaissance [5,6]. 

Objective. Over the past 20 years, we synthesize the evidence published in peer-reviewed journals 

on hydrogel formulations used for the delivery of analgesic drugs, with an emphasis on applications 

and efficacy. In this review, efficacy is operationalized as targeting precision, reduction of systemic 

toxicity, improved bioavailability, and the capacity to deliver hydrophobic drugs; we also highlight 

key gaps and advances in hybrid hydrogel-nanotechnology systems. 

Beyond drug delivery, hydrogels are widely used as advanced dressings for wounds and burns, 

where they maintain a moist microenvironment, facilitate re-epithelialization, and can reduce pain 

(e.g., during dressing changes) through cooling, reduced adherence to the wound bed, and 

atraumatic removal. A clinical meta-analysis reported reductions in pain scores with hydrogels 

compared to controls in various types of skin lesions, including second-degree burns and traumatic 

wounds. Systematic reviews on superficial/partial-thickness burns and recent wound management 

literature confirm that hydrogels can minimize pain on removal compared to more adherent 

dressings [7,8]. 

In the domain of tissue hydration and lubrication, hydrogels (e.g., cross-linked hyaluronates in 

ophthalmic formulations) act as surface lubricants, prolong precorneal retention, and improve signs 

and symptoms of dry eye, including discomfort/pain from friction. In gynecology, moisturizing and 

bioadhesive gels based on hydrophilic polymers (hydrogel-like) have been shown in randomized 

trials to reduce dryness and dyspareunia, thereby modulating pain without delivering active 

analgesics. While these applications fall outside the primary scope of this review (focused on 

hydrogels for analgesic release), they are relevant as they demonstrate how the hydrogel matrix itself 

can contribute to pain modulation through physical mechanisms (lubrication, barrier, moisture, 

atraumaticity) [9–11]. 

2. Materials and Methods 
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This scoping review was designed and reported in accordance with the PRISMA-ScR (Preferred 

Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews) checklist 

[12]. The PRISMA flow diagram, resuming studies inclusion process, is illustrated in Figure 1. 

Only articles published in peer-reviewed journals were included; grey literature was excluded, 

consistent with the objective of transparently and reproducibly mapping clinical evidence as 

intended for scoping reviews. PubMed/MEDLINE, Embase, and Cochrane databases were searched 

with no publication date restrictions. The complete search strings for each database (constructed by 

combining controlled vocabulary and keywords for hydrogel, drug delivery, and pain) are reported 

in Appendix A. 

Records retrieved from the databases were aggregated into a single library and deduplicated 

prior to screening. 

Inclusion criteria adopted were: clinical studies only (randomized clinical trials, RCTs,  and 

non-randomized, prospective/retrospective, cohort, case-control, case series/reports) on hydrogel 

formulations (natural or synthetic, including stimuli-responsive and hybrid systems with 

nanotechnologies) used as drug-delivery systems for analgesic drugs. Exclusion criteria were: 

preclinical studies (in vitro/in vivo animal models), formulation-only or proof-of-concept works 

without clinical data, non-journal articles (proceedings, theses, preprints, websites), and irrelevant 

studies (non-hydrogel or not related to analgesics). 

The selection was performed in two phases: a first phase of title/abstract screening against the 

eligibility criteria, and a second phase of full-text assessment of potentially relevant articles. 

Screening was conducted independently by paired reviewers, with discrepancies resolved by 

consensus; a third reviewer was consulted in cases of persistent disagreement. Reasons for exclusion 

at the full-text stage were documented and summarized in the PRISMA-ScR flow diagram. For each 

included study, the following data were extracted: clinical context/pain indication; hydrogel type; 

analgesic molecule/class; administration route/target; study design, and main results. In line with 

scoping review recommendations, a formal risk of bias assessment was not planned. 
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Figure 1. PRISMA flow diagram resuming studies inclusion process 

3. Results 

The search of PubMed/MEDLINE, Embase, and Cochrane identified a total of 838 records; after 

deduplication, 493 unique records remained. Title and abstract screening, followed by full-text 

assessment according to the predefined criteria, led to the inclusion of 87 clinical articles relevant to 

the hydrogel–pain theme. Within the included set, 26 studies specifically evaluated hydrogel 

formulations as DDS for analgesics and constitute the primary cohort for the thematic mapping of 

efficacy and safety. In parallel, the screening identified 38 clinical studies on hydrogel applications 

involving pain modulation not based on drug delivery (e.g., wound care, hydration/lubrication): this 

evidence was cataloged separately and does not contribute to the primary DDS-oriented synthesis 

but is reported for methodological completeness and its potential clinical relevance. The PRISMA-
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ScR flow diagram summarizes the flow of records through the identification, screening, and inclusion 

phases, with documentation of reasons for exclusion at the full-text stage. 

The screening led to the inclusion of 26 clinical studies evaluating hydrogel formulations as DDS 

for analgesics (primary cohort). The majority had a randomized design (18/26; 69.2%), followed by 

case series (3/26; 11.5%), pilot/open label/pharmacokinetic studies (4/26; 15.4%), retrospective studies 

(2/26; 7.7%). The timeframe of the studies ranged from 1996 to 2024 (median 2021). 

By application site/route, the distribution shows a predominant use for topical/transdermal 

(10/26; 38.5%) and perioperative/incisional/wound (8/26; 30.8%) applications, with smaller 

contributions from oral/mucosal (2/26; 7.7%), rectal/anal (2/26; 7.7%), intra-articular (2/26; 7.7%), 

paranasal sinuses (1/26; 3.8%), and regional block (1/26; 3.8%). Regarding the pain context, studies 

were mainly perioperative (acute post-operative pain) (9/26; 34.6%), with the remaining indications 

being heterogeneous (chronic ulcers/wounds 4/26; 15.4%, knee osteoarthritis 2/26; 7.7%, and single 

occurrences in acute oral pain, burns, chronic neck pain, acute sinusitis, anal fissure, neuropathic 

pain, chronic low back pain, mucositis, pediatric pain, and toe pain). 

Regarding drug class, local anesthetics were most prevalent (12/26; 46.2%; e.g., lidocaine, 

ropivacaine, bupivacaine), followed by opioids (5/26; 19.2%; e.g., morphine, loperamide), intra-

articular corticosteroids (2/26; 7.7%; triamcinolone in Hyaluronic Acid, HA-gel), NSAIDs (1/26; 3.8%; 

loxoprofen), topical neuromodulators (1/26; 3.8%; capsaicin), and Nitric Oxide (NO) donors for anal 

fissure (1/26; 3.8%). In four studies (15.4%), the nature of the active agent or the analgesic profile was 

not uniquely classified within the main categories but fell within the analgesic clinical scope. 

As for hydrogel technology, various types were observed: thermo-responsive hydrogels 

(poloxamer/proprietary; 5/26; 19.2%), hyaluronates (2/26; 7.7%, including HA-steroid systems), 

muco-adhesives or bio-adhesives (2/26; 7.7%), amorphous wound gels (2/26; 7.7%), hydrophilic 

suppositories (1/26; 3.8%), and cellulosic gels (1/26; 3.8%). In approximately 11/26 studies (42.3%), the 

description of the material or platform did not allow for a more detailed classification; no included 

study explicitly reported a hybrid integration with nanotechnologies within the hydrogel matrix. 

The clinical outcomes measured were consistent with the review's scope: pain control, 

consumption of rescue analgesics, time to/duration of the effect, tolerability, and local or systemic 

adverse events. In some perioperative studies with local anesthetics, clinical pharmacokinetic proxies 

were reported. Comparators included placebo, standard of care or non-hydrogel formulations; in 

non-controlled studies, interpretation was based on pre and post outcomes and feasibility.  

In parallel, 38 non-DDS clinical studies were identified (excluded from the primary synthesis) in 

which the hydrogel modulated pain through physical mechanisms (advanced dressings, post 

photorefractive keratectomy (PRK) bandage contact lenses (BCL), intradiscal implants, tissue 

hydration/lubrication). In this group, ocular (≈24% of the excluded set), burns and wounds (≈20%), 

and discogenic/orthopedic pain contexts were frequent; these studies were designed as case series or 

randomized studies. This evidence is cataloged separately and does not feed into the efficacy 

mapping of DDS for analgesics but illustrates the broad spectrum of hydrogel use in "drug-free" pain 

modulation. 

In the primary cohort (26 clinical studies on hydrogels used as drug-delivery systems for 

analgesics), the most frequently reported clinical outcomes were pain intensity (Visual Aanalogue 

Scale, VAS/ Numerical Rating Scale, NRS), consumption of rescue analgesics, time to pain relief and 

pain-free period, and tolerability/adverse events. Based on the summaries provided, 22 studies 

reported a relevant improvement in analgesic outcomes compared to control or baseline (22/26; 

84.6%), with a limited number of neutral results (1/26; 3.8%) and a few cases that were not clearly 

determinable due to insufficient detail (3/26; 11.5%). Safety reports were found in a minority of 

studies while tolerability was widely described as favorable.. 

3.1. Drug Classes 

• Local Anesthetics (12/26; 46.2%). Designs were mostly randomized; predominant routes of 

administration were perioperative, incisional or wound injection (8 studies), with contributions 
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from topical/transdermal (2), paranasal sinuses (1), and regional block (1). Outcomes included 

reduction in VAS/NRS, decreased of rescue medication use, and prolonged duration of analgesic 

effect; 10 of these 12 studies that analyzed local anesthetics in pain management reported great 

pain solving effect, while 1 study was neutral and 1 not definable. 

• Opioids and Peripheral Opioid Receptor Modulators (5/26; 19.2%). To administrate these drugs 

there was a prevalence of topical and transdermal application (3), with evidence also for 

rectal/anal (1) and oral/mucosal (1) routes. The main endpoints were pain release and need for 

rescue medication; 4 of 5 studies reported improvement in pain management and 1 was not 

definable. 

• Intra-articular Corticosteroids (2/26; 7.7%). Intra-articular (i.e. knee infiltration) in an 

Osteoarthritis context; both studies described pain relief and better clinical outcomes. 

• NSAIDs (1/26; 3.8%). Topical/transdermal application guaranteed a good pain control and 

outcomes. 

• Topical Neuromodulator (i.e. capsaicin) (1/26; 3.8%). Topical/transdermal application of 

capsaicin improved pain relief if pain was related to local symptoms. 

• Other/Not Classified (4/26; 15.4%). Heterogeneous contexts (topical/transdermal, oral/mucosal, 

perioperative/incisional/wound); 3 studies reported good pain management and 1 was not 

definable. 

3.2. Route and Site of Administration 

Hydrogel application was predominantly topical and transdermal (10/26; 38.5%) followed by 

their use in perioperative, incisional and wound setting (8/26; 30.8%), or by oral and mucosal route 

(2/26; 7.7%), rectal or anal (2/26; 7.7%) and intra-articular delivery (2/26; 7.7%). The application in 

frontal sinuses cavity was reported in one case (1/26; 3.8%) such as their usage in regional block 

anesthesia (1/26; 3.8%). The direction of effect was positive across all site categories (with single 

neutral or undefinable cases in perioperative/incisional/wound and topical/transdermal). 

3.3. Hydrogel Technology 

Thermo-responsive (poloxamer/proprietary; 5/26; 19.2%), hyaluronate (2/26), muco/bio-

adhesive (2/26), amorphous wound gels (2/26), hydrophilic suppositories (1/26), and cellulosic (1/26) 

platforms were identified. In 11 studies of the total 26 (42.3%), the description of the matrix did not 

allow a precise classification (other/not specified). None of the included clinical studies reported 

hybrid hydrogel–nanotechnology systems in the examined formulation. 

In Table 1 there is a short report that summarizes DDS hydrogels characteristics and settings of 

usage, while a comprehensive report is presented in Appendix B. 

Table 1. Drug Delivery Systems hydrogels characteristics and settings of usage. 

Delivered Drugs 

Number 

of 

studies 

(RCTs) 

Effect 
Hydrogel  

Technology 
References 

Improved Neutral Unclear 

Local anesthetics 12 (10) 10 1 1 
Thermoresponsive, 

Other/Unspecified 
[13–24] 

Opioids  5 (1) 4 0 1 
Amorphous wound 

gel, Unspecifed 
[25–28] 

Corticosteroids 2 (2) 2 0 0 
Hyaluronic acid–

based 
[29,30] 

Nitric Oxide  1 (1) 1 0 0 
Topical nitrate 

ointment 
[31] 
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NSAIDs 1 (1) 1 0 0 Unspecified [32] 

2-octyl cyanoacrylate, 

Aloe vera, Olea europea, 

Ozonized oil, Capsaicin 

5 (1) 4 0 1 
Other, Unspecified, 

Muco/Bioadhesive 
[33–37] 

3.4. Non-DDS Clinical Studies (Pain Modulation Without Drug Release) 

In the 38 non-DDS clinical studies (cataloged separately), the hydrogel modulated pain through 

physical mechanisms (protection, cooling, lubrication, atraumatic barrier and adhesion), without 

acting as a drug vehicle. The prevalent areas were ocular (≈24%), burns or wounds (≈20%), and 

musculoskeletal and discal damages; These were mostly case series and randomized studies. A 

thematic summary follows. 

3.4.1. Ocular  

Silicone hydrogel BCLs are used to reduce pain and promote re-epithelialization after PRK; 

comparative studies and clinical trials show benefits in pain and comfort, with differences also related 

to lens design, material, and curvature. In comparison of silicone-hydrogel BCLs, the authors 

reported improved pain management and patient’s comfort and epithelial stability; other trials 

evaluated fitting parameters comparing different silicone-hydrogels, and confirmed the reduction of 

post-PRK discomfort with good tolerability profiles. This evidence supports the andavantage in using 

BCLs as a non-pharmacological analgesic intervention in the early stages post-corneal ablation 

[38,39]. 

3.4.2. Burns and Wounds 

In burn patients (especially pediatric), clinical trials have evaluated cooling and moisturizing 

hydrogel dressings to alleviate pain immediately after first aid and during initial dressing changes. 

A pediatric RCT showed a reduction in pain scores with a hydrogel compared to plastic film, while 

protocols and further studies have investigated the early analgesic effect of specific products. Recent 

reviews emphasize that cooling, water retention, and atraumatic adhesion contribute to pain 

reduction and better dressing management. Overall, the evidence indicates that hydrogel dressings 

can be a non-pharmacological analgesic adjuvant in superficial/partial-thickness burns and some 

painful wounds, despite heterogeneity in settings and outcomes [40,41]. 

3.4.3. Musculoskeletal and Discal  

In discogenic pain, the use of intradiscal hydrogel implants/augmentations aims to restore 

hydration/cushioning of the nucleus pulposus with potential pain benefits. However, the clinical 

literature highlights safety signals: cases of hydrogel migration into the spinal canal with radicular 

pain or neurological complications requiring invasive management have been reported. Recent 

reviews underscore the insufficiency of controlled clinical data and the need for rigorous prospective 

evaluations before widespread clinical adoption. In this area, therefore, the "non-DDS" use appears 

promising but still immature, with a pri-mary focus on safety [42,43].. 

3.4.4. Other Contexts (Lubrication/Barrier) 

At mucosal or cutaneous sites, bio-adhesive and muco-adhesive hydrogels or hydrophilic sheets 

and gels have been used as moisturizing and lubricating barriers, reducing pain from friction or 

dressing removal and improving the overall tolerability of local care. Clinical evidence is 

heterogeneous and often small-scale but converges on the idea that the hydrogel matrix, even without 

a drug, can help reduce procedural and incidental pain through physical effects (moisture, cooling, 

protection, atraumaticity) [44]. 

In Table 2 there is a report that summarize Non-DDS hydrogels characteristic and setting of 

usage. 
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Table 2. Non-Drug Delivery Systems hydrogels characteristics and settings of usage. 

Hydrogel 

Group 

Number 

of 

studies 

(RCTs) 

Role in pain control 
Common 

indications 

Representative 

hydrogels 

Representati

ve citations 

Ocular 

silicone  

hydrogels  

12 (5) 

Mechanical shield & 

lubrication of corneal 

epithelium after PRK; 

decreases nociceptive 

stimulation and 

blinking friction. 

Acute ocular, 

Chronic ocular 

discomfort 

Lotrafilcon A, 

Balafilcon A,, 

Balafilcon A 

(silicone hydrogels)  

[38,39] 

Topical 

wound/burn 

hydrogels  

12 (7) 

Cooling/heat-sink, 

moist occlusive 

environment, and 

atraumatic removal 

reduce procedural 

and dressing-change 

pain. 

Acute burn, 

Chronic 

wound 

Burnaid, Oxyzyme, 

SockIt!, (hydrogel 

dressings) 

[40,41] 

Intradiscal 

hydrogel 

implants 

6 (0) 

Hydraulic cushioning 

and disc height 

support aim to reduce 

mechanical 

nociception; safety 

depends on implant 

stability. 

Chronic disc 

pain, Chronic 

back 

GelStix, 

Polyethylene glycol, 

Hyalodisc (hydrogel 

implants) 

[42,43] 

Other 

non-DDS  

hydrogels 

8 (3) 

Physical/biophysical 

modulation (barrier, 

lubrication, moisture) 

rather than 

pharmacological 

delivery. 

Chronic hallux 

rigidus, 

Chronic knee 

Osteoarthritis 

Polyvinyl alcohol 

hydrogel implant, 

hyaluronic acid 

hydrogel, Cross-

linked sodium 

hyaluronate 

[44] 

4. Discussion 

This scoping review clinically maps the use of hydrogels as drug-delivery platforms for 

analgesics (DDS), revealing a heterogeneous landscape in terms of drug classes, hydrogel types, 

administration sites and routes, but with a predominantly favorable direction of effect on pain 

outcomes and the use of rescue analgesics. These findings are consistent with the engineering 

rationale of hydrogel-based DDS—the ability to modulate release, local residence time, and tissue 

concentrations—which is well-documented in the literature on design and mechanisms (e.g., mesh 

size, hydrogel–drug interactions, crosslinking, responsiveness) and associated with clinical benefits 

when local tissue distribution is a key determinant of the outcome [45]. 

In perioperative/incisional contexts, thermo-hydrogels (e.g., poloxamer 407) that gel in situ have 

enabled the "single-shot" application of local anesthetics with outcomes non-inferior to continuous 

catheter techniques and with less procedural complexity, suggesting a possible operational 
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advantage and a limited systemic toxicity profile. In an RCT in minimally invasive thoracic surgery, 

local injection of ropivacaine in poloxamer 407 was non-inferior to a continuous paravertebral block 

for postoperative pain control, supporting the use of thermo-hydrogels as a viable alternative to the 

standard of care in selected settings [23]. 

In knee osteoarthritis, HA in a hydrogel form combined with triamcinolone acetonide showed 

signals of efficacy and tolerability in a randomized feasibility study, with a faster onset of relief 

compared to hyaluronate alone. While not conclusive, this line of research indicates that viscoelastic 

gelling matrices can enhance the analgesic response of known active ingredients by modulating their 

intra-articular availability [29]. 

For topical/transdermal and mucosal indications, the use of muco-adhesive and bio-adhesives 

has improved drug contact time and adherence. The clinical literature on topical opioids in gel form 

shows heterogeneous results—with positive studies on the reduction of ulcerative pain and negative 

trials in specific dermatological settings—indicating that matrix composition, concentration, and the 

pain model strongly influence efficacy. This heterogeneity reinforces the need for pragmatic trials 

and shared core outcome sets for measures of pain, rescue consumption, and duration of effect [46]. 

Our non-DDS subgroup (excluded from the primary synthesis) confirms that the hydrogel 

matrix can modulate pain even without a drug through physical mechanisms (cooling, barrier, 

lubrication), as shown by RCTs on hydrogel dressings in pediatric burns and the established practice 

of BCLs after PRK to reduce pain and promote re-epithelialization. This context is relevant because, 

in combination with or as an alternative to DDS, hydrogels can offer multimodal strategies for local 

pain management [40,47]. 

A cross-cutting finding is the scarcity of clinical trials on hybrid hydrogel–nanotechnology 

systems and stimuli-responsive hydrogels in the analgesic field, despite a robust preclinical pipeline 

and evidence in other inflammatory areas. The lack of standardization (types of comparators, follow-

up times, patient-centered outcomes) and incomplete reporting of safety profiles limit the 

cumulativeness of the evidence. Future studies should: (i) harmonize clinical endpoints (pain 

intensity, rescue consumption, time to first rescue), (ii) integrate clinical Pharmacokinetic-

Pharmacodynamic proxies (e.g., time to/duration of action for local anesthetics), (iii) compare 

hydrogel-based DDS with standards of care in adequately powered randomized trials, and (iv) 

implement safety registries for use in confined or high mechanical risk sites (where the non-DDS 

literature reports, albeit rarely, complications from migration into enclosed spaces) [2,48]. 

The main strength of this review is the breadth of the clinical mapping of hydrogel-based DDS 

for analgesics across various settings and administration routes, with classification by drug class and 

technology. Limitations arise from the heterogeneity of study designs, the variability of the matrices 

(often not fully characterized in the materials and methods), and the absence, in the mapped analgesic 

clinical trials, of widespread adoption of frontier hybrid platforms (e.g., liposomes-in-hydrogel, 

microparticles-in-gel). Bridging this clinical-translational gap—already well-delineated in 

engineering and drug delivery reviews—will require coordinated efforts between materials science, 

clinical pharmacology, and trial methodology [45,49]. 

For clinical practice, the data available to date suggest that: (i) in perioperative settings, thermo-

hydrogels with local anesthetics can be simplified alternatives to continuous catheter techniques in 

selected settings; (ii) in knee osteoarthritis, the addition of a corticosteroid to an HA hydrogel may 

accelerate analgesia compared to HA alone; (iii) at topical/mucosal sites, mucoadhesion is a critical 

driver, but efficacy is sensitive to the pain model and formulation. These considerations must be 

verified with head-to-head comparative studies, standardized measures, and adequate follow-up to 

capture clinically significant differences and rare safety profiles [23,29]. 

5. Conclusions 

This scoping review highlights that hydrogel formulations used as DDS for analgesics show, 

across the different clinical settings mapped, convergent signals of benefit on pain outcomes and 

rescue medication consumption, with generally favorable tolerability profiles. This is especially true 
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when the therapeutic goal is prolonged local exposure to analgesics with low systemic toxicity (e.g., 

in perioperative/incisional contexts, and via topical/mucosal routes). The consistency between the 

engineering rationale (e.g., in situ gelling, muco/bioadhesion, polymer network modulation, stimuli-

responsiveness) and the observed clinical endpoints supports the position of hydrogels as one of the 

most promising platforms for the targeted delivery of analgesics. Established technological 

trajectories—from thermo-hydrogels to stimuli-responsive systems—indeed converge towards more 

controlled and translatable release profiles, although they still suffer from formulation and reporting 

variability that hinders direct comparisons and formal meta-analyses. 

A second key finding is that the "non-DDS ecosystem"—hydrogels used without a drug for 

cooling, barrier, or lubrication purposes—confirms the intrinsic ability of the matrix to modulate pain 

in a clinically appreciable manner (e.g., after PRK or in the early management of burns/wounds). This 

supports multimodal strategies where the hydrogel acts as a physical component complementary to 

the DDS. This landscape, while distinct from the primary scope, reinforces the idea that the material-

tissue interface is an integral part of the efficacy perceived by the patient. 

However, translational gaps remain: (i) a scarcity of clinical trials on hybrid hydrogel–

nanotechnology platforms in analgesia despite encouraging preclinical signals; (ii) heterogeneity of 

comparators, follow-up, and patient-centered outcomes; and (iii) incomplete documentation of safety 

(rare local events, material-tissue interactions). The priorities for clinical research are therefore: to 

standardize endpoints (pain intensity, time to/consumption of rescue medication, duration of effect, 

QoL), to adopt head-to-head comparisons with the standard of care in adequately powered 

pragmatic RCTs, and to implement prospective safety registries for "constrained" or high mechanical 

risk sites. In parallel, the further maturation of responsive systems (pH, temperature, 

light/ultrasound) and injectable formulations could accelerate broader clinical adoption where local 

targeting is a critical determinant of the analgesic outcome. 

Overall, the mapped clinical data indicates that hydrogels as DDS for analgesics constitute a 

field that is already useful in practice in specifical settings and a growing platform for more 

sophisticated applications. Consolidating the evidence with rigorous comparative studies and 

harmonized reporting will be crucial to move from fragmented evidence to operational 

recommendations and, in the long term, to safely and effectively integration of "smart" technologies 

into pain management. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

MDPI Multidisciplinary Digital Publishing Institute 

ADL Activities of Daily Living 

AEs Adverse Events 

AMT Thermoresponsive hydrogel formulation (AMT-143) 

APIs Active Pharmaceutical Ingredients 

BCL Bandage Contact Lens 

DDS Drug Delivery System(s) 

EHO Experimental Hydrogel with Olea europaea extract (EHO-85) 
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ENT Ear, Nose and Throat 

HA Hyaluronic Acid 

LD Lidocaine 

NO Nitric Oxide 

NRS Numerical Rating Scale 

NSAIDs Non-Steroidal Anti-Inflammatory Drugs 

OA Osteoarthritis 

PF Poloxamer Formulation (e.g., PF72 hydrogel) 

PK Pharmacokinetics 

PRISMA-

ScR 

Preferred Reporting Items for Systematic Reviews and Meta-Analyses—Scoping 

Review extension 

PRK Photorefractive Keratectomy 

RCT Randomized Controlled Trial 

RCTs Randomized Controlled Trials 

TA Triamcinolone Acetonide 

TLA Topical Local Anesthetic 

VAS Visual Analogue Scale 

  

  

  

Appendix A 

The search strings for each database are detailed in Table A1. 

Table A1. Complete search strings for each database. 

Database Search String Results 

Pubmed ("hydrogel s"[All Fields] OR "hydrogelating"[All Fields] OR 

"hydrogelation"[All Fields] OR "hydrogelations"[All Fields] OR 

"hydrogelator"[All Fields] OR "hydrogelators"[All Fields] OR 

"hydrogels"[MeSH Terms] OR "hydrogels"[All Fields] OR "hydrogel"[All 

Fields]) AND ("drug delivery systems"[MeSH Terms] OR ("drug"[All 

Fields] AND "delivery"[All Fields] AND "systems"[All Fields]) OR "drug 

delivery systems"[All Fields] OR ("drug"[All Fields] AND "delivery"[All 

Fields]) OR "drug delivery"[All Fields]) AND ("pain"[MeSH Terms] OR 

"pain"[All Fields]) 

365 

Cochrane hydrogels and pain 12 

Embase ('analgesia'/exp OR 'analgaesia' OR 'analgesia' OR 'pain management' OR 

'pain relief' OR 'sequential analgetic analgesia' OR 'surgical analgesia') 

AND ('hydrogel'/exp OR 'gamma polymerized hydrogel' OR 'hydrogel' OR 

'hydrogels') 

461 

Appendix B 

Table A2. DDS hydrogels characteristics and settings of usage. 

Y

ear 
Setting 

Applicatio

n Site 
Drug Hydrogel 

Direction of 

Effect 
Safety 

Referen

ce 

2015 
Knee 

osteoarthritis 

Intra-

articular 

(knee) 

Triamcinol

one 

acetonide 

Hyaluronic acid 

hydrogels 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[29] 

2012 
Knee 

osteoarthritis 

Intra-

articular 

(knee) 

Triamcinol

one 

acetonide 

Hyaluronic acid  

+ triamcinolone 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[30] 
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2014 

Purulent 

frontal 

sinusitis 

Sinus 

cavity 

Dioxidine, 

epsilon-

aminocapr

oic acid, 

lidocaine 

Sodium alginate 

hydrogel  

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[13] 

2024 

Post-

craniotomy 

pain 

Scalp 

incision site 
Lidocaine 

Lidocaine 5% 

hydrogel plaster 

No 

difference/Ne

utral 

Unclear/Not 

stated 
[14] 

2021 

Localized 

neuropathic 

pain 

Transderm

al 
Lidocaine 

Topical system 

1.8% vs 5% patch 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[15] 

2009 
Postherpetic 

neuralgia 
Topical Lidocaine 

Lidocaine 

medicated plaster 

(5%) 

Improved vs 

control/baseli

ne 

Favorable 

safety/tolerab

ility 

[16] 

2022 

Minimally 

invasive 

colorectal 

surgery 

Surgical 

wound 

Ropivacain

e or 

Bupivacain

e 

Gel infusion kit 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[17] 

2024 
Inguinal 

hernia repair 

Surgical 

site 

infiltration 

Ropivacain

e 

AMT-143 

thermosensitive 

hydrogel 

Unclear/Not 

stated 

Unclear/Not 

stated 
[18] 

2024 
Bimaxillary 

surgery 

Surgical 

site 

(orthognat

hic 

surgery) 

Ropivacain

e 

PF 72 

thermoresponsive 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[19] 

2024 

Ear 

reconstructio

n surgery 

Donor site 

(iliac crest) 

Ropivacain

e 

Sodium 

carboxymethylcell

ulose hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[20] 

2024 
Postoperativ

e pain relief 

Surgical 

site (breast 

augmentati

on) 

Ropivacain

e 

PF72 

thermoresponsive 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[21] 

2022 

Postoperativ

e pain 

management 

Surgical 

incision site 

Ropivacain

e 

PF 72 

thermoresponsive 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[22] 

2022 
Thoracoscopi

c surgery 

Thoracic 

port site 

Ropivacain

e 

Poloxamer 407-

based hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[23] 

2021 
Laparoscopic 

nephrectomy 

Regional 

block 

Ropivacain

e or 

Bupivacain

e 

Unspecified 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[24] 

2002 Anal fissure Anal 
Glyceryl 

trinitrate  

Topical nitrate 

ointment 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[31] 

2024 
Chronic low 

back pain 

Topical 

(lower 

back) 

Loxoprofe

n  

Loxoprofen 

sodium hydrogel 

patch 

Improved vs 

control/baseli

ne 

Favorable 

safety/tolerab

ility 

[32] 
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1996 

Pediatric 

pain 

management 

Rectal Morphine 

Hydrophilic 

hydrogel 

suppository 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[25] 

2011 
Chronic leg 

ulcers 

Topical (leg 

ulcer) 
Morphine 

Topical morphine 

gel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[26] 

2009 
Arterial leg 

ulcers 
Topical Morphine 

Topical morphine 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[27] 

2020 

Oral 

mucositis 

pain 

Oral 

mucosa 

Morphine 

(topical) 

Mucoadhesive 

oral hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[28] 

2021 
Painful 

dermal ulcers 
Topical 

Morphine 

and 

Loperamid

e 

Intrasite gel 
Unclear/Not 

stated 

Unclear/Not 

stated 
[50] 

2001 
Aphthous 

ulcers 
Oral 

2-octyl 

cyanoacryl

ate 

Bioadhesive 

hydrogel device 

Unclear/Not 

stated 

Unclear/Not 

stated 
[33] 

2013 Burn wounds Topical 

Aloe vera 

vs silver 

sulphadiaz

ine 

Aloe vera gel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[34] 

2022 
Chronic ulcer 

treatment 

Topical 

(chronic 

ulcers) 

Olea 

europaea 

leaf extract 

EHO-85 

amorphous 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[35] 

2024 
Onychocrypt

osis 

Topical 

(toenail) 

Ozoile 

(ozonized 

oil) 

Ozoile-based 

hydrogel 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[36] 

2012 
Myofascial 

neck pain 

Topical 

(neck) 

Capsaicin 

0.1% 

Capsaicin 

hydrogel patch 

Improved vs 

control/baseli

ne 

Unclear/Not 

stated 
[37] 
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