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Nano-steps in altered opioid pharmacokinetics:
a perspective on potential drug delivery
post-bariatric surgery applications

A. E. Avanu, ©2@ A. M. Ciubotariu,® A. M. Ciornei,° A. D. Cozminc® and G. Dodi 2 *©

Despite being a transformative intervention in treating obesity, bariatric surgery, encompassing pro-
cedures like Roux-en-Y gastric bypass and vertical sleeve gastrectomy, presents unique challenges in
postoperative pain management due to altered pharmacokinetics in both adult and pediatric populations.
Opioid medication, while being effective, poses risks of addiction and life-threatening side effects, thus,
inviting alternative therapeutic approaches. Nanotechnology holds promise as it provides targeted solu-
tions via nano-drug delivery systems, thereby reducing adverse effects and enhancing efficacy in an
altered gastrointestinal system. Different methods, including subcutaneous and nasal delivery systems,
prolong drug release, offer potential alternatives for patients with modified drug absorption and metab-
olism, as demonstrated by in vivo and in vitro studies investigating tramadol, ketamine, fentanyl, buprenor-
phine and others. Currently, safety issues associated with nanocarriers hinder their clinical deployment.
This review prompts a new perspective on nano-controlled release methods and their applications in
opioid analgesia, indicating that nanotechnology could address the pharmacokinetic challenges in pain
management post-bariatric surgery. Alternative strategies, including the use of endogenous neuropep-
tides, are discussed for mitigating opioid-related complications and improving pain management outcomes.

diabetes,*® consequently improving the quality of life, while
diminishing the financial burden associated with obesity-

Obesity is linked to over 120 million adult person-years lost
annually to non-communicable diseases such as diabetes,
stroke, coronary heart disease and cancer." While developing
nations bear the heaviest burden, countries such as the United
States, Malta, New Zealand, Australia and Canada also rank
among the top 10 grappling with this issue. By 2035, it is
expected that the number of adults with a high body mass
index (BMI) > 30 kg m™ will surge to approximately 1.77
billion, marking a notable 47% increase compared with 2020.
A similar projection indicates a 33% rise in obesity in the pedi-
atric population, with an anticipated impact on two out of
every five children aged 5 to 19 years.

Bariatric surgery, a transformative and underused interven-
tion® for severe obesity, offers sustained weight loss® and
reduces related comorbidities such as hypertension and
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related health issues.””® It is also claimed that it decreases the
relative risk of mortality by 89%.° The two most commonly
performed techniques are Vertical Sleeve Gastrectomy (VSG)
and Roux-en-Y Gastric Bypass (RYGB).” VSG has become the
top choice for all ages with severe obesity due to its effective-
ness in weight reduction, improved comorbidity manage-
ment,” fewer surgical revisions, enhanced nutrient absorption®
and increased quality-of-life.’

However, bariatric surgery comes with its own risks and
downsides, including new-onset depression, anxiety, disability,
a relative need for repeat interventions™'® and long waiting
lists."* Another documented risk is developing chronic pain,
found in up to 61.4% of adult patients.'*>> The suspected
causes of pain are neuropathic and nociceptive in nature,*
including musculoskeletal pain,* heightened pain sensitivity,>*
dietary factors leading to overdistension, GI (gastrointestinal)
disorders and psychological distress®”** (Fig. 1), currently
under investigation.

The GI side-effects of non-steroidal anti-inflammatory
drugs (NSAIDs), acetaminophen and insufficient analgesia
often prompt the bypassing of the World Health
Organization’s analgesic ladder,*® advancing directly to the
second or third step, specifically resorting to opioids.*>® A sig-
nificant repercussion is the development of new persistent
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Fig. 1 Probable sources of pain, ranging from pre-existing to postoperative conditions. Musculoskeletal pain was identified as the most commonly

encountered form.

opioid use (NPOU).”” This condition involves the initiation of
opioid usage more than 90 days post-surgery,”” with rates
ranging from 3.6 to 9%,*>?*7*? notably overrepresented in sub-
stance use treatment facilities®® and significantly more
common than those in non-surgical scenarios (0.4%).>*® Key
factors associated with NPOU include pre-existing mental dis-
orders, prior non-opioid substance use (specifically, tobacco)
and, uniquely characteristic to the US, public health
insurance.”’

Chronic use is only advisable after the patient has not
responded to any other therapy.**** Due to the scarcity of stan-
dardized guidelines®**>~*” and the absence of a threshold for
clinically relevant opioid use,*' patients often receive moderate
to high doses of medication, resulting in a surplus, part of
which leads to drug abuse, immediately or in the longer term,
directly or indirectly, by sharing with others.”> Recognizing
this issue, the Metabolic and Bariatric Surgery Accreditation
and Quality Improvement Program introduced the Bariatric
Surgery Targeting Opioid Prescriptions (BSTOP) protocol in
2019, with the hope of minimizing opioid use, while effectively
managing pain.>” Efforts to develop opioids with antagonists
or abuse-deterrent features have also been made, but there is
still a critical need for new agonists offering sustained pain
relief while reducing abuse potential.*®

Gradually, guidelines such as Enhanced Recovery After
Surgery (ERAS) are being developed for children, not just for
adults,**™*! due to evidence indicating reduced opioid require-
ments and shorter hospital stays.*® Multimodal pain manage-
ment, particularly in pediatric surgery, remains crucial due to
opioid risks, with efforts to reduce opioid overprescription,
currently being investigated in clinical trials.*>** Additionally,
nanotechnology, already in use in pediatric and adult oncol-

© 2024 The Author(s). Published by the Royal Society of Chemistry

ogy, as well as other fields, offers targeted delivery with
minimal toxicity.***> It has revolutionized the next generation
of pain treatment by employing new or well-known nano-
particles (NPs) and nanomaterials (NMs) as drug carriers to
form nano-drug delivery systems (NDDSs) that offer enhanced
efficacy with lower doses and prolonged analgesia.*® They
could potentially be safer, particularly for drugs with narrow
therapeutic indices such as opioids.*®

Overall, nanomedicine’s application to pain management
in general and in bariatric surgery in particular has been
limited by the complexity of the biological barriers to pain
management,*” the intractable nature of chronic pain,*® safety
worries about the carrier itself and the influence of different
types of bariatric surgery on drug pharmacokinetics (PKs).?
The latter is the culprit that drives the good, the bad and all
the other outcomes in-between in bariatric surgery.*®

Only a handful of recent studies employ nanotechnology
for opioid delivery. While these “nano” advancements may
suggest a futuristic approach, the pressing issue of opioid
misuse renders this exploration long overdue. In this review we
investigate changes in PKs post-bariatric surgery, challenges
and recent progress in nanotechnology-driven strategies for
pain management, opioids and alternative solutions. We
examine the potential application of nanotechnology in opioid
delivery post-bariatric surgery, narrowing down from its
broader range of uses.

2. Methods

A qualitative literature search spanning from 2017 to February
2024 was conducted, using Cochrane Central Register of
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Controlled Trials (CENTRAL), MEDLINE [OVID), EMBASE
(OVID), Google Scholar (first 200 relevant results) and
PubMed. No language filter was applied and we cross-refer-
enced relevant papers to ensure comprehensive coverage of all
in vivo, in vitro and clinical studies focusing on nanotechnol-
ogy’s applications in pain management that could possibly be
administered post-bariatric surgery. Multiple subject headings
(MeSH) related to bariatric surgery, pain, opioids, and pharma-
cokinetic (PK) alterations were employed in the search.

3. Results

We retrieved a total of 9 studies that meet the inclusion criteria
as depicted in Fig. 2. All studies were screened by title, abstract
and full article review. They were then analysed by specific
clinical indications and appropriate data were presented based
on critical analysis of those articles.

4. PK considerations in bariatric
surgery

PKs examine drug-body interactions, including absorption,
distribution, metabolism and excretion*® for purposes such as
dose adjustment, bioavailability and toxicity studies.*® PK
studies are crucial for understanding nanotechnology’s
potency,®® even more, in the case of an altered GI system, post-
bariatric surgery (Fig. 3). Changes in GI anatomy likely impact
oral drug PKs,” underscoring the importance of taking into
account patient characteristics, drug formulation and inter-
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actions in treatment decisions.”””" In a 2016 study, RYGB
surgery in rats led to increased motivation for morphine self-
administration, compared to control groups, suggesting that
alterations in GI function, nutrient absorption and opioid PKs
impact the reward system and pain management.’?
Additionally, the reduction in high-fat diet intake post-surgery
could potentially reverse the diminished reward system seen in
obese rats, leading to increased opioid sensitivity.
Furthermore, the surgery might exacerbate a pre-existing
‘reward deficiency syndrome,’” where disruptions in dopamine
signaling, common in both obesity and addiction, could
heighten vulnerability to substance use. In this context,
NDDSs should be explored as a potential viable solution.

When using NDDSs, PK studies must include the concen-
trations of free and loaded drugs, carrier materials and drug-
loaded particles in the blood, in order to gather valuable infor-
mation on drug release kinetics.>?

The approved nanodrugs in clinical trials highlight their
possible nontoxic carrier nature; however, they can interact
with the immune system and impact metabolism, demanding
careful consideration. Both the properties of NDDSs, such as
surface charge, particle size,® and increased surface area,>
which extend the half-life of the drug® and the changes in
gastric pH could significantly influence drug absorption.””"
NPs face some level of barrier in GI absorption due to the epi-
thelium and mucous layer, but because they are absorbed
through Peyer’s patches and intestinal enterocytes, generally
they enhance drug delivery*® and improve the therapeutic
impact on the target.>

In the case of opioids, there is a scarcity of their study in
the literature, but the available information indicates potential

[ Identification of studies via databases and registers ]

Records removed before screening:
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Fig. 2 Literature search selection. PRISMA flow diagram.
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Fig. 3 PK changes in patients undergoing bariatric surgery.

short- and long-term effects on PKs.>® Notably, significant

gaps exist in pediatric PK research,*® where using adult stan-
dard doses may not suffice and optimal dosing remains uncer-
tain.”” Simulations of methadone dosing highlight the need to
account for the genotype associated with obesity, as some
patients may require half of the standard dose.”®

The European Association for the Study of Obesity rec-
ommends careful review of potential shifts in drug absorption
caused by bariatric procedures.>® While initial data showed no
significant changes in absorption and bioavailability of free
morphine,”®® later studies revealed that these can increase as
much as four times,>""®* which is concerning given morphine’s
narrow therapeutic index.’®”" Lloret-Linares et al. (2014)
observed extensive alterations in oral morphine’s peak plasma
concentration time (f,ax), With levels being two-fold lower at
1-2 weeks and 7.5 times higher at 6 months, compared to
earlier observations, accompanied by increases in maximum
plasma concentration (Cpay) at both time points.>" Moreover,
the average oral morphine area under the plasma concen-
tration-time curve (AUC) showed a notable increase from pre-
surgery to 6 months post-bariatric surgery. Similar findings
were observed for oxycodone.>"°%%3

Each type of bariatric surgery has a different impact, with
RYGB being more likely to affect overall absorption, on account
of the loss of mucosal exposure and reduced bile-salt mixing.”
In RYGB and VSG, the reduction in parietal cells results in elev-
ated gastric pH due to low hydrochloric acid production,””"
which impacts opioids sensitive to pH variations.**°>

The magnitude of these effects is unclear because the
stomach exhibits a much lower surface-area-to-volume ratio

© 2024 The Author(s). Published by the Royal Society of Chemistry
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than the small intestine,” which is where absorption occurs
predominantly. Bypassing the proximal small intestine in
RYGB leads to increased drug absorption in the distal portion,
which has a smaller surface area, because of the slower transit
time. The properties of NDDS carriers could be optimized to
enhance absorption at these new sites.>?

Different formulations - lipid-based or water-swellable -
did not show differences in PKs.>' While changing the route of
administration showed variations, it alone is not sufficient to
prevent the alteration of absorption, as described in a case
study of a patient who was treated for many years with sublin-
gual buprenorphine, a synthetic opioid, in an opioid mainten-
ance treatment program.®® A week after VSG, the patient
exhibited symptoms of withdrawal. Systemic exposure
decreased to 43% after one month, accompanied by increased
clearance, which remained constant throughout the year.
Alterations in salivary pH towards lower values can modify
absorption due to a greater proportion of the drug being
ionized, alongside lowered saliva production experienced by
patients, post-bariatric surgery and other factors whose mecha-
nisms are not yet fully elucidated.

Besides absorption, drug distribution and metabolism are
also critical factors influenced by bariatric surgery and NDDSs.
Drug distribution governs the amount of drug reaching target
sites compared to the rest of the body and thus plays an impor-
tant role in drug efficacy and toxicity.>® The distribution of
NDDSs in tissues and organs depends on the physicochemical
and surface properties of the drug-loaded particles. It is also
affected by other factors, such as protein binding, hemody-
namics of tissues and organs and vascular morphology.

RSC Pharm., 2024,1, 864-878 | 867
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Regarding metabolism, RYGB appears to induce the most
notable alterations, attributed to bypassing of the cytochrome
P450 enzymes and drug transporters expressed in the duode-
num.”® The complex interplay between NDDS properties, drug
metabolism and altered physiological conditions post-bariatric
surgery, underscores the need for tailored drug delivery strat-
egies to optimize therapeutic outcomes.

The PK and toxicological profiles of nanocarriers cannot be
generalized.> Current assessment methods are inadequate for
accurately measuring their effectiveness, emphasizing the
need for new tools. The physiologically based PK model pre-
sents as a promising solution, serving as a mathematical tool
that explores the interconnection between physiology and
drugs in clinical scenarios, encompassing various types of
NPs. By employing computer simulations, it holds the poten-
tial to replace in vivo and clinical studies, providing compre-
hensive insights into PK outcomes. Nonetheless, its effective
integration into nanomedicine mandates interdisciplinary col-
laboration spanning materials science, pharmacology and
mathematical modelling, aimed at optimizing nanoformula-
tion design for optimal PKs.

5. Nano-opioid delivery systems with
possible applications in bariatric
surgery

Advancements in nanotechnology regarding opioids are unde-
niable, from extraction of morphine, codeine®” or
buprenorphine®®7° to sensing’®”” and abuse-deterrent opioid
approaches,”®”® all the way to the more recent steps towards
NDDSs. Numerous NDDSs remain unutilized in clinics, largely
due to concerns regarding the efficacy and safety of nano-
carriers.’ The Food and Drug Administration (FDA) has
approved just a few nanomedicines for opioid analgesia.
Notable examples are: morphine sulfate extended-release for-
mulations for post-operative pain such as Avinza,®' released in
2002, with nanocrystal carriers, DepoDur,** in 2004, with lipo-
some carriers and more recent, liposomal bupivacaine for
post-hemorroidectomy and bunionectomy®® and an extended-
release formulation of oxycodone encapsulated in tamper-
resistant beads.®® Another instance is Zalviso (Sufentanil
NanoTab), which was recently withdrawn in 2022.%>%¢

The current delivery routes for opioid drugs carry substan-
tial health risks, including abuse, addiction, respiratory
depression and even death.’” However, these risks could be
mitigated through the controlled release of opioids at thera-
peutic levels over extended periods. Although oral drug admin-
istration has the greatest patient adherence, it also has the
major drawbacks of first pass metabolism and rapid clear-
ance.®® Bariatric surgery through aforementioned PK mecha-
nisms augments this effect.

NDDSs enable the integration of various methods into a
singular platform,> improving drug efficacy with prolonged
circulation time, avoidance of drug resistance®® and minimum

868 | RSC Pharm., 2024, 1, 864-878
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dosage for minimal side-effects.*®**°' This is achieved
through specific targeting and safety measures by integrating
drugs in biocompatible nanocarriers,**°**® using GI elements
to their advantage.”® When one or more drugs are loaded on
nanocarriers they could target pain receptors through the
blood-brain barrier (BBB), without the risk of addiction.’®
NDDSs feature customizable parameters like size, shape,
surface charge and cargo dose for enhanced specificity.5**°

Nanotechnology-based approaches not only increase drug
surface area but also modify the physiochemical properties of
active pharmaceutical ingredients.*® In recent years, there has
been a significant focus among biomedical researchers on
developing smart polymeric drug delivery systems. NPs made
from biocompatible materials like phospholipids, polylactic-
co-glycolic acid (PLGA) and natural polymers are generally free
from adverse effects. Strategic fabrication of polymeric NPs,
often coated with substances like polyethylene glycol (PEG),
dextran and citrate, enhances their biodistribution. From a
financial perspective, utilizing active compounds that have
already undergone investigation and approval by relevant
agencies results in cost savings.”®

The most commonly used drugs after bariatric surgery are
hydrocodone, tramadol, oxycodone and hydromorphone.®'*°
Despite the absence of clinical trials, studies employing in vivo
and in vitro models have explored various NDDSs, focusing on
some of these drugs, and explored new directions, as depicted
in Fig. 4. Most studies included both in vivo and in vitro experi-
ments, except for three that were limited to in vitro experiments
only, namely in vitro drug release profiles of tramadol contain-
ing chitosan-based pro-nanogels using Franz cells,”” an in vitro
dialysis bag method for tramadol loaded PLGA nanoparticles®*
and tramadol release in PBS from PCL ribbons.”®

5.1 Tramadol

Tramadol, a synthetic opioid used for moderate to severe
pain,®®® offers extended-release formulations with a half-life
of 48 h maximum.®”°® However, these standard formulations
are suboptimal for most patients, leading to reduced compli-
ance and, as we emphasized, for bariatric surgery patients in
particular. While oral tramadol reaches peak effectiveness
within 2-4 h, only intravenous (IV) administration ensures
efficient analgesia with a relatively short onset of action.

Barati et al. (2018) explored a chitosan (CS) based in situ gel
as a delivery system for tramadol.”” CS, a natural polysacchar-
ide, valued for its biocompatibility, biodegradability and low
toxicity, is widely used in biomedical applications, though its
pH-sensitive swelling limits mechanical stability.””°® NPs are
commonly derived from CS and are known for their ability to
regulate drug release, making them well-suited for this
purpose. In this study, the hydrogels (crosslinked with penta-
sodium triphosphate (TPP) or without TPP), intended for sub-
cutaneous (SC) administration, were designed to address the
need for a sustained-release formulation suitable for chronic
pain management.”” By mixing the drug with an aqueous
solvent, the gel encapsulating the drug forms in situ, present-
ing a novel concept of “pro-nanogels” for controlled drug deliv-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ery. The morphology exposed relative spherical nanocavities in
the homogeneous gel structure, mainly due to the presence of
TPP. Out of the eight conventional models used to describe the
tramadol release from the gel formulations (in vitro, using Franz
cells and a dialysis membrane), the most fitted model was
Weibull for both of the pro-nanogels with TPP (R> = 0.945) and
without TPP (R*> = 0.936). The study demonstrated different pro-
longed drug releases over 8 h, namely nearly 30% for the formu-
lation without TPP and 80% for the crosslinked one, due to the
formed inner nanocavities. The pro-nanogels formed without
such nanocavities offered the possibility to extend the release
phenomenon even for days when injected subcutaneously.
Touitou et al. (2020) explored a different approach by inves-
tigating the use of phospholipid nanovesicles as a carrier for
non-invasive nasal delivery of tramadol.”® Their objective was
to circumvent the hepatic first pass metabolism, ultimately
facilitating direct delivery to the brain. The mouse model
demonstrated a notably faster onset of action and enhanced
analgesic efficacy compared to conventional nasal and oral
delivery methods. The maximum possible effect (MPE)
reached 68.7% at 10 minutes and 62.3% at 180 minutes, in
contrast to the less than 40% with oral administration. Pain
relief was further affirmed in a rat model, correlating with sus-
tained tramadol levels in plasma and brain tissue, with
immediate and consistent onset of action, alongside over two-
fold higher penetration through the BBB compared to oral
administration and superior integration of the nanocarrier,
with no influence on the vesicle shape, aggregation, or crystal-
lization, ensuring stability. The nasal nanovesicular system led

© 2024 The Author(s). Published by the Royal Society of Chemistry

PVA/PLGA nanoparticles

to faster, higher and more extensive absorption of tramadol in
both the plasma and brain.

Moreover, the PK crossover study in the sheep model
demonstrated good bioavailability. In plasma, T values indi-
cated that the nasal nanovesicular system reached the
maximum concentration six times faster, leading to a much
quicker onset of action in the brain. The AUC from 0 to
240 minutes for the nasal nanovesicular system was much
larger, which signifies a higher overall exposure to tramadol in
the plasma when administered nasally, which could imply
more effective central nervous system delivery.

The PK parameters of tramadol and its metabolite M1 in
plasma and cerebrospinal fluid (CSF) following nasal versus IV
injection in sheep revealed a shorter half-life in plasma but a
significantly longer half-life in CSF. The bioavailability values
for nasal administration were 1.09 in plasma and 0.87 in CSF.
For M1, the nasal route showed a slightly longer half-life and
Timax, With higher C,,, and AUCO-last (area under the concen-
tration-time curve from time zero to the last measurable con-
centration) and AUCO-co (area under the curve from time 0
extrapolated to infinite time) compared to IV. These differ-
ences highlight the potential advantages of the nasal nanovesi-
cular system for achieving quicker and more effective drug
delivery to the brain, which could be particularly beneficial for
conditions requiring rapid onset of analgesia.

Another research aligning with the pursuit of alternative
delivery systems for tramadol, akin to prior investigations, had
a different approach.>® By encapsulating tramadol within
PLGA NPs, one of the most widely used polymeric carriers for
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sustained release formulations, Yildirim et al. (2023) eluci-
dated that higher polymer concentrations led to larger NPs
with a spherical shape and a smooth surface, while increased
homogenizer speed and stabilizer ratio enhanced encapsula-
tion efficiency. The drug release analysis showed a burst
release around 90% within the first 2 h for free tramadol and
15-35% within the first hour for loaded NPs. Afterwards, the
release rate was decreased and the formulations exhibited a
sustained release for at least 30 h due to the entrapment of tra-
madol into PLGA nanoparticles. Notably in this study, the NPs
exhibited a slower drug release rate compared to conventional
drug solutions, underscoring their potential for sustained
therapeutic effects.

In another study, Mabrouk et al. (2018) incorporated trama-
dol into PCL (poly e-caprolactone) ribbons, an aliphatic poly-
ester,”® followed or not by PVA and p-cyclodextrin coating. The
drug loading efficiency was high (85-97% depending on the
ribbon coating) and in vitro release studies demonstrated con-
trolled drug release up to 45 days, effectively avoiding an
initial burst release, which would result in reduced treatment
efficacy due to the drug being lost in an uncontrolled and
unpredictable manner. Tramadol showed a high release per-
centage from uncoated ribbons up to 94.14% and a decreased
initial release percentage (26.90 and 38.40%) from the
PVA-B-cyclodextrin coated ribbons. pH variation analyses indi-
cated higher values in coated ribbons and a stable pH environ-
ment over time. Other PK parameters were not assessed.

5.2 Ketamine

Motivated by ketamine’s short half-life, Han et al. (2020) intro-
duced a novel method to achieve high ketamine loading
(41.8%) within polymeric NPs, designed for sustained
release.'®® They enhanced the PK profile, with prolonged half-
life, increased systemic exposure and reduced -clearance,
addressing challenges commonly encountered by the bariatric
surgery patients. Ketamine has a short half-life of 0.60 hours,
while the ketamine-loaded NPs showed significantly prolonged
half-lives of 103.10 hours and 79.70 hours for PEG-PLGA
nanoparticles and shellac (SH) nanoparticles, respectively. The
released ketamine from the PEG-PLGA:SH and PEG-PLGA NPs
reached 81.9% and 56.6%, respectively, on day 21 following
the in vitro release dialysis membrane model. Their sustained
release over a 3-week period was due to the unique drug-core
polymer-shell structure, enabling controlled drug diffusion
through the polymer matrix. This approach could offer a solu-
tion to optimize pain management in both cancer, which was
the author’s focus, and bariatric surgery, as we assess, while
maintaining a favorable safety profile. Ketamine-loaded NPs
exhibited increased AUCO-last values in in vivo studies (C57BL/
6] male mice), compared to free ketamine, suggesting
enhanced drug exposure and prolonged circulation in the
bloodstream. Similarly, the AUCO-co values for ketamine-
loaded NPs were significantly higher, indicating prolonged
drug exposure beyond the last measured time point.
Sometimes, when high doses do not alleviate pain, invasive
routes like intrathecal administration are used. The in vitro
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release profiles of hydromorphone/ketamine from a polymer
mixture of 50:50 CPP-SA: PLGA NPs fabricated by a two-stage
microfluidic method were evaluated over 28 days showing a
drug loading of around 35%.°* Furthermore, in a rat model
the drugs provided pain relief within 3 h, lasting steadily for
78 h, after single intrathecal injection on a rat model of peri-
pheral neuropathic pain. Overall, lipid NPs fabricated with the
CPP-SA polymer demonstrated more sustained release com-
pared to PLGA, but the efficacy and duration of hydromor-
phone-loaded NPs alone matched those of added ketamine.

5.3 Buprenorphine

Taking another route, Yue et al. (2019) developed a thermo-
responsive graphene quantum dot (GQD) loaded dextran/poly
(N-isopropylacrylamide) (Dex/PNIPAM) copolymeric matrix as a
sustained implantation drug delivery system for buprenor-
phine.'® Thermoresponsive polymeric nanomedicine, com-
prising nanomicelles, nanocapsules and NPs has garnered
considerable attention over the past decades for various drug
delivery applications. These systems aim to minimize side
effects, reduce dosage requirements, extend in vivo circulation
time, protect drugs from biological degradation and enhance
therapeutic efficacy. This innovative approach offers minimally
invasive administration and self-administration through skin
permeability enhanced by temperature changes. Such thermo-
responsive polymers, often termed smart polymers, find exten-
sive applications in pain management. PNIPAM, in particular,
is widely used in various biological fields due to its ability to
respond to changes in temperature, making it a versatile
material for drug delivery, tissue engineering, sensing and cell
culture applications. After the ionic liquid mediated synthesis
of GQDs, the loaded composite hydrogel was synthesized by
an in situ dispersion polymerization method, obtaining a
porous morphology copolymeric matrix with uniform distri-
bution and monodisperse ultra-small GQDs. The in vitro
release profile of the buprenorphine loaded GQDs-Dex/
PNIPAM thermo-responsive hydrogel matrix, assessed for 7
days at below (25 °C and 32 °C) and above the low critical solu-
tion temperature (39 °C), respectively, exhibited sustained and
enhanced drug release percentages dependent on temperature
and time. The tissue feasibility analysis performed on isolated
animals’ sciatic nerve and adjacent tissue responses of implan-
tations after 7 days post-surgery demonstrated that the bupre-
norphine loaded composite was responsible for the pain man-
agement, improving the anti-inflammatory efficiency.

5.4 Fentanyl

A particular challenge is fentanyl dosing in obese adolescents
which necessitates careful consideration of weight descrip-
tors®” to prevent variability and higher peak plasma concen-
trations.'®> Kovaliov et al. (2017) developed fentanyl-bearing
polylactide and polyglycolide NPs (Fen-PLA/PLGA NPs) for SC
administration in a mouse model, demonstrating sustained
drug release for up to six days with a single administration.>®
Non-covalent encapsulation of drugs into polymer matrices
sometimes presents drawbacks such as burst release and low
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drug loading percentages. The authors successfully avoided
the use of ring-opening polymerization (ROP). The study
underscored that polymer composition and NP size play
crucial roles in achieving controlled release, which is essential
for preventing abuse and euphoria. The hot plate nociceptive
assay revealed a 50% MPE on day 1 and approximately 40%
MPE on day 6, with a diminishing therapeutic effect by day 14,
indicating NP-mediated extended-release for sustained pain
relief. However, the current SC delivery method might result in
unintended NP absorption and clearance before therapeutic
opioid release.

5.5 Alternatives - neuropeptides

Recent research has explored alternatives to opioids, acknowled-
ging their PK limitations. Feng et al. (2019) introduced a novel
concept demonstrating the pharmacological efficacy of the
neuropeptide Leu-enkephalin (LENK) when conjugated with the
lipid squalene (SQ).'%* Despite the complexities of peptide-lipid
chemistry, the authors synthesized LENK-SQ bioconjugates with
different chemical linkers (dioxycarbonyl, diglycolic, and
amide) to control LENK release after formulation into NPs with
sizes varying from 60 to 120 nm (in water). In a rat model, this
innovative SQ-based nanoformulation effectively prevented
rapid plasma degradation of LENK and showed prolonged
analgesic effects compared to morphine. Biodistribution
studies and opioid receptor antagonist tests suggested that
LENK-SQ NPs act through peripheral opioid receptors, particu-
larly 8-opioid receptors, with reduced abuse potential.'®® This
study introduced an encouraging approach for targeted delivery
of LENK neuropeptide to inflamed tissues for pain manage-
ment, maintaining stable serum concentrations for over
48 hours."* Injection of LENK-SQ NPs in rats resulted in a sub-
stantial reduction in thermal hyperalgesia, as indicated by a
notable increase in the respective AUC values compared to rats
treated with either free LENK peptide or blank SQ NPs. The
effect was significant within 2 h and lasted for 10 minutes,
demonstrating efficacy with no observed toxicity.

5.6 Translational level

These findings underscore the potential of nanotechnology to
optimize pain management potentially in bariatric surgery
patients and highlight the need for further research to bridge
the gap between preclinical evidence and clinical application.
But, in order to reach the path to clinics, the first key after
efficiency is evaluation of the developed supports from a bio-
logical point of view, mainly regarding the biocompatibility of
the new painkillers and their components. Even if a variety of
materials known for their biocompatibility have been used to
incorporate/encapsulate pain drug molecules, only a few studies
pointed their research also on compatibility with cells/tissues
either in vitro or in vivo. The authors presented below an over-
view of the compatibility analysis on the included studies.

Local safety of the phospholipid nanocarrier and tramadol
system tested in rats indicated no irritation and toxicity of the
nasal mucosa after administration, according to the histo-
pathological images of different regions of the nasal cavity
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(cartilage and turbinate bone, lamina propria and submucosa,
mucosal epithelium and lumen).

The safety profile of the carrier matrix of ketamine (PEG-
PLGA:SH) was also analysed, this time using haematological
data.

The leukocyte, erythrocyte and thrombocyte parameters,
assessed at study completion on day 5 post-dosing were within
the normal ranges for mice."*®

A more comprehensive biocompatibility investigation was
performed for the thermo-responsive buprenorphine loaded
composite (GQDs-Dex/PNIPAM copolymeric matrix), using
both in vitro cytocompatibility (according to ISO 10993-5) and
in vivo skin irritation tests (according to ISO 10993-23) after
7th day post-surgery. The in vitro cytocompatibility investigated
using MTT assay onto the mouse fibroblast cell line (L929)
demonstrated 96% cell viability percentage for the in situ drug
carriers. The histological observations at the implantation site
established that the hydrogel was biocompatible with the
nerves and surrounding tissues, with no inflammation and
acute toxicity.'!

In the study by Kovaliov et al. (2017) novel biohybrids based
on Fen-PLA/PLGA NPs were evaluated only in vitro for their bio-
compatibility. The ATP assay performed by incubating SHSY5Y
neuroblastoma cells for 48 h with fentanyl-polymer NPs
showed a 100% survival rate (ATP level% from the control) in
the entire tested concentration range (0.15-333 pg mL™").?

Toxicity study (according to ISO 10993-11) was performed
on adult male Sprague-Dawley rats injected with LENK-SQ-Am
NPs (20 mg kg™'). The aspartate transaminase (AST) and
alanine transaminase (ALT) levels in plasma and histopatholo-
gical examination of the liver, kidneys, spleen, heart and lungs
were determined at 24 or 48 h after intravenous injection.
Normal levels of transaminases and histology of vital organs
confirmed the safety of the therapeutic dose of 20 mg kg™
LENK-SQ NPs upon intravenous administration.'

Future research endeavours should focus on refining NP
formulations, optimizing administration routes and conduct-
ing clinical trials to validate the efficacy and safety of these
innovative drug delivery systems. For an overview of all NDDSs
discussed previously, see Table 1. Fig. 5 describes the available
nano-opioid delivery systems with possible applications in bar-
iatric surgery based on the delivery routes for the nanocarriers
and the analysed release profile time of the incorporated
opioid drugs.

6. Discussion: uncharted
nanotechnology territory

NDDS strategies, including encapsulating and entrapping bio-
active materials, particle size reduction and surface modifi-
cation, point to enhanced pain relief by improving PKs and
bioavailability. They present opportunities for addressing drug
abuse concerns while maintaining therapeutic efficacy, a
benefit relevant to both adult and pediatric populations.** As
applications diversify and advance, medical professionals
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Table 1 Overview of the composition, properties and preparation methods for the nano-opioid delivery systems with possible applications in baria-

tric surgery

Size of
NPs particles (nm) Preparation method Ref.
Chitosan 162.1 Ionic gelation Barati et al. (2018)””
Phospholipid nanovesicles ~200 Thin-film hydration Touitou et al. (2020)°°
PLGA 237.2-348.6 Double emulsification solvent evaporation method  Yildirim et al. (2023)**
PCL ribbons (uncoated and p-cyclodextrin coated) 2-5 Slip casting solvent evaporation Mabrouk et al. (2018)°®
PEG-PLGA/SH 98.8-107.4 Sequential nanoprecipitation Han et al. (2020)'*°
CPP-SA/PLGA 50-500 Microfluidic Zhu et al. (2020)”°
GQDs-Dex/PNIPAM 2-12 Dispersion polymerization Yue et al. (2019)*!
PLA/PLGA 362-508 Ring-opening polymerization Kovaliov et al. (2017)*®
LENK-SQ 60-120 Nanoprecipitation Feng et al. (2019)'*

Abbreviations: NP - nanoparticle; HCL - hydrochloric acid; PLGA - polylactic-co-glycolic acid; W/O/W - double emulsification solvent
evaporation; PCL - poly e-caprolactone; PEG - polyethylene glycol; SH - shellac; CPP - 1,3-bis(p-carboxyphenoxy)propane; SA - sebacic acid; GQD
- graphene quantum dots; Dex - dextran; PNIPAM - poly(N-isopropylacrylamide); PLA - polylactide; and LENK-SQ - Leu-enkephalin-squalene.
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Fig. 5 Design of NDDSs, delivery routes and the analysed release time of the incorporated opioid drugs.

must acknowledge their increased capacity to improve patient
care.

Despite varying age-related considerations, such as develop-
mental stages and physiological differences,'® both groups
encounter similar challenges in the management of obesity
and postoperative pain with insufficient and inconsistent lit-
erature. For instance, studies in adults undergoing bariatric
surgery reveal mixed outcomes regarding opioid use post-
surgery, with some experiencing an increase®*" while others a
decrease.®*® Specifically, a retrospective Swedish cohort study
found that after surgery, most of the younger demographic of
high consumers increased their dosage.” In another notable
example, the opioid use prevalence rose by 8.4% between six
months and seven years post-surgery.’’ In the same cohort,
NPOU more than doubled after six years. On the other hand,

872 | RSC Pharm., 2024, 1, 864-878

Crémieux et al. found a significant decrease in pain medi-
cation use within four months post-surgery, although with no
improvement beyond that period,® aligning with the trend of
opioid usage increasing after an initial decline post-surgery in
other studies. Also interestingly, in a Sweden cohort, the rate
of NPOU was lower than those in other previous studies and
one explanation could be the different classifications of high
opioid consumers,* for which clear protocols could be of great
value.

Similarly, a retrospective cohort analysis focused on post-
operative pain intensity and opioid use showed only a mild
association with the BMI in pediatric patients, challenging
assumptions.'®® On the pediatric side, early results on nano-
medicine indicate promising avenues for innovative solutions
in treating postoperative pain management,** in conditions
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like cystic fibrosis, offering hope for improved patient out-
comes. Additionally, developments such as nano-patches for
transdermal drug delivery could be an alternative, providing
steady release of lipophilic drugs like buprenorphine, while
reducing side effects.**'%” However, safety evaluations remain
paramount, particularly concerning opioid risks, highlighting
the delicate balance between addressing pain effectively and
minimizing potential harm, a critical consideration in pedi-
atric population.

Other challenges, such as manufacturing scale-up, long-
term nanoparticle toxicity and high costs for clinical trials,
hinder widespread implementation. Overcoming these barriers
requires ongoing translational research efforts in collaboration
with regulatory agencies. Together with early referral for surgery
and a more aggressive management of excess weight, nano-
technology could have a real impact on opioid consumption.®®

Despite ongoing efforts, understanding of nanoparticle PKs
remains fragmented, with a need for studies focusing on both
drug and nanoparticle materials. This deeper understanding is
crucial for optimizing NP fate and improving nanomedicine
outcomes.*® An important challenge hindering the clinical
advancement of NDDSs is the inadequate understanding of
their internal behavior.

The paradigm is changing towards personalized therapeutic
approaches, providing a potential solution to address these
shared concerns. Thus, while the specific clinical contexts may
differ, the overarching goal of improving patient outcomes
through innovative approaches remains consistent.

The question was raised whether glucagon-like peptide-1
receptor agonists, such as semaglutide and liraglutide, could
act as an alternative to bariatric surgery. Studies showed that
patients are withdrawing from surgery lists because of their
efficiency on weight loss,"”!°® although, concerns persist over
long-term complications such as weight regain, cardiometa-
bolic changes,'” hypoglycemia’® and gastrointestinal
issues,""" alongside increased long-term costs.”

A key limitation of the current paper is that the NDDSs
investigated do not specifically consider the use and impact of
controlled-release formulations in an altered GI system
because of a lack of data. However, their favorable character-
istics and parameters indicate their potential. Additional
studies are required to understand how these delivery vehicles
perform under these unique conditions.

Continued research efforts are essential to harness nanotech-
nology’s full potential in both adult and pediatric medicine.
Future studies should concentrate on understanding the mecha-
nisms of post-bariatric surgery drug malabsorption and design-
ing tailored drug delivery. The ultimate goal is to achieve
maximum pain reduction with minimal adverse effects, incor-
porating alternative pain management methods as well.

7. Conclusion

Nanotechnology represents a burgeoning field with immense
potential for the future, captivating researchers as they strive
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toward significant breakthroughs. While it offers significant
potential in pain management, challenges persist, including
the need for comprehensive understanding of NP behaviour
for successful clinical translation of NDDSs. Understanding
the mechanisms of post-bariatric surgery drug malabsorption
and designing tailored drug delivery systems to enhance bio-
availability will drive us to the ultimate goal to achieve
maximum pain reduction with minimal adverse effects, incor-
porating alternative pain management methods as well.

Abbreviations

AUCO-o0 Area under the curve from time 0 extrapolated to
infinite time

AUCO- Area under the concentration-time curve from time

last zero to the last measurable concentration

AUC Plasma concentration-time curve

BBB Blood-brain barrier

BMI Body mass index

BSTOP Bariatric surgery targeting opioid prescriptions

Crnax Maximum plasma concentration

ERAS Enhanced recovery after surgery

FDA Food and Drug Administration

GI Gastrointestinal

v Intravenous

LENK Leu-enkephalin

MeSH Multiple subject headings

MPE Maximum possible effect

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide)

NDDSs  Nano-drug delivery systems

NMs Nanomaterials

NPOU New persistent opioid use

NPs Nanoparticles

NSAIDs  Non-steroidal anti-inflammatory drugs

PCL Poly e-caprolactone

PK Pharmacokinetic

PKs Pharmacokinetics

PLA Polylactide

PLGA Polylactic-co-glycolic acid

PNIPAM Poly(N-isopropylacrylamide)

ROP Ring-opening polymerization

RYGB Roux-en-Y gastric bypass

SQ Lipid squalene

SC Subcutaneous

tmax Peak plasma concentration time
VSG Vertical sleeve gastrectomy
W/O/W  Double emulsification solvent evaporation
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