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Abstract: The use of opioid analgesics in treating severe pain is frequently associated with putative
adverse effects in humans. Topical agents that are shown to have high efficacy with a favorable
safety profile in clinical settings are great alternatives for pain management of multimodal analgesia.
However, the risk of side effects induced by transdermal absorption and systemic exposure is of
great concern as they are challenging to predict. The present study aimed to use “BIOiSIM” an
artificial intelligence-integrated biosimulation platform to predict the transdermal disposition of
opioid analgesics. The model successfully predicted their exposure following the topical application
of central opioid agonist buprenorphine and peripheral agonist oxycodone in healthy human subjects
with simulation of intra-skin exposure in subjects with burns and pressure wounds. The predicted
plasma levels of analgesics were used to evaluate the safety of the therapeutic pain control in
patients with the dermal structural impairments caused by acute (burns) or chronic cutaneous lesions
(pressure wounds) with topical opioid analgesics.

Keywords: computational modeling; opioid analgesics; transdermal; pharmacokinetics

1. Introduction

Management of moderate and severe pain poses a major challenge in the industry
as it is by a partially subjective phenomenon that is associated with actual or potential
damage to tissues resulting from illness or injury. This syndrome is typically observed in
almost any disease as a manifestation of a patient’s worsening condition and corresponding
decrease in the quality of life. Depending on the severity, treatment of pain involves the
usage of opioid analgesics, nonsteroidal anti-inflammatory drugs (NSAIDs), and adjuvant
analgesics [1]. Light and mild pain syndrome may be successfully alleviated either with
NSAID or through the application of local anesthetics. However, management of the severe
pain usually requires administration of narcotic opioid analgesics due to their focused
antinociceptive mechanism of action and substantially higher potency. They interact with
specific receptors that, when activated, suppress the transmission of pain impulses. Their
inhibitory activity is exerted in the brain and by increasing the threshold of nociceptive
fibers in the substantia gelatinosa in the spinal cord’s dorsal horns. Nevertheless, the
usage of opioids is limited because of the obvious adverse effects mostly associated with
their central activity and a fear of addiction among patients [2]. Numerous studies over
the last two decades have shown that opioid receptors are also present in the peripheral
nervous system and located in stratum granulosum and stratum basale of epidermis
(Figure 1) [3,4]. This provides a scientific base for the topical use of opioid analgesics in
severe pain management [5].
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Figure 1. General schematic of the skin layers with peripheral opioid receptors located in the epidermis layer [3,4].

Among the myriads of physical or physiological insults that can stimulate nociceptors,
acute thermal skin injuries and pressure ulcers are usually responsible for the most intensive
pain syndrome. Due to the extreme degree of the pain associated with those skin lesions,
opioids remain the mainstay of treatment, especially in the acute phase of the burn disease
or long-lasting pressure wounds [6]. The topical application of the opioid analgesics may
serve as a promising alternative approach for pain relief because it is supposed to be
associated with a lower risk of adverse effects and sufficient potency. Noninvasive methods
of drug administration typically offer avoidance of systemic exposure and undesirable
effects induced activated central opioid receptors in thalamus. It should be noted that
the transdermal administration is a common route for the majority of the opioids, as they
easily penetrate the skin barrier and are then absorbed into the blood flow through a
network of capillaries located in subcutaneous tissue. Upon absorption, they are almost
immediately transported to the opioid receptors localized in the central nervous system
(CNS) providing both their therapeutic activity and associated adverse effects. Passing
through the skin layers, the molecules of analgesics stimulate dermal opioid receptors
inducing local analgesia. This effect directly depends on the drug skin concentration [7].
Thus, the attention should be given to the skin retention properties of an analgesic drug
compound. Considering local analgesia as a beneficial antinociceptive mechanism, the
often reported transdermal penetration should be seen as a negative feature obviously
related to the systemic drug exposure and induction adverse effects. The rational choice of
an opioid for topical analgesia should involve drugs with the highest retention in epidermis
and the low skin permeation capacity. Furthermore, the selection should consider drug
affinity to the opioid receptors localized in the skin epidermis [8].

Clinical evaluation of drug pharmacokinetics in patients with severe skin lesions is
substantially hindered due to unstable patient conditions and dramatically altered biochem-
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ical pathways [9]. Animal models, on the other hand, were shown to be irrelevant due to
significant differences in the composition of dermal layers, the density of hair follicles, and
skin thickness. That inevitably leads to distinct absorption profiles in animal species when
compared to the human ones [10]. Among the possible solutions, computational modeling
is thought to be one of the most promising. It has been previously applied to predict and
simulate systemic exposure following topical application of the drug compounds [11]. Most
current transdermal models are complex and consider skin as a series of interconnected
compartments. Modeled parameters of the skin layers for different species, subjects, and
pathological alterations significantly vary, resulting in the highly variable results [12].

A key challenge with studying this type of dosing regimen comes with the high
variability in experimental methods for studying skin concentration of compounds, identi-
fication of patient cohorts for studies, and overall challenge with obtaining experimental
measurements that adequately characterize local, intra-skin permeation of compounds.
Computational tools can aid in this interrogation of potential phenomena by using hybrid
mechanistic models that capture relevant physics augmented with artificial intelligence (AI)
and quantitative system-property/activity relationship models (QSPR/QSAR) [13]. These
methodologies bypass the need for experimentation, and can inform clinician and scientist
strategies for optimizing dosage forms and regimens in specific patients with compromised
skin integrity. There is a diversity of models that exist; however, they traditionally predict
layer-specific permeability and are trained on in vitro data of decoupled phenomena, or
do not incorporate methods for resolving identifiability challenges [14-16]. An approach
that combines these methodologies with in vivo data for training stands to improve the
accuracy and relevance of insight pertaining to skin permeation of topically-applied com-
pounds. To that end, VeriSIM Life (VSL) has expanded its in silico pharmacology simulation
platform, BIOiSIM. The platform provides a scalable computational approach through the
integration of Al into physiological modeling to make accurate and faster predictions that
can be applied to and trained on large compound datasets. The integration of machine
learning (ML) with mechanistic modeling allows BIOiSIM to fill in missing data gaps
commonly found in biological datasets through a combination of parameter optimization
and prediction. To validate, train, and test the model, a dataset comprising distinct drug
compounds with common prevalent topical application was chosen to estimate their local
analgesic potential. Two opioid analgesics drugs proposed for transdermal administration
in the antipain therapy, namely oxycodone and buprenorphine, were used in the present
study. Buprenorphine is utilized in the form of a topical patch for treatment of moderate
to severe cancer pain, and appears to induce dose-dependent relief for musculoskeletal
pain [17]. Results of the clinical studies confirm that oxycodone possesses significant anal-
gesic activity being dissolved in water and then mixed with the debridement ointment and
applied to the skin lesions. This gave almost immediate and complete relief from pain [18].
In addition, there is evidence from animal studies that most opioids (apart from buprenor-
phine and oxycodone) induce some degree of suppression of the immune system through
modification of natural killer (NK) cells function, lymphocytes T, action of interleukin-2, or
interferon gamma. Lack of negative impact on the immune system may improve safety of
the drug regarding infections and cancer dissemination [19]. Transdermal disposition and
intra-skin concentrations were evaluated to assess the risk/benefit ratio for administering
these opioids to healthy patients and to patients with thermal and pressure skin lesions.
This study was aimed to use a simple and physiologically relevant transdermal model
approach, developed using BIOiSIM, for prediction of the possible systemic exposure of
opioid analgesics that were shown to exert local analgesia via activation of the skin opioid
receptors in healthy and damaged skin.

2. Materials and Methods
2.1. BIOiSIM Model Expansion

BIOiSIM is a software platform comprised of semi-mechanistic models of in vivo
physiology with 16 individual compartments corresponding to critical tissues and organs
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in the body. Ordinary differential equations (ODEs) are used to model the interactions
between the different compartments in both the pharmacokinetic (PK) and pharmaco-
dynamic (PD) contexts [20,21]. Model inputs include subject-specific parameters (organ
volumes, blood flow rates, tissue composition, enzyme expression levels), relevant PK
mechanisms (clearance, drug dissolution, permeability), among others. The core frame-
work of the model has been discussed in previous publications [20,21]. The model used
for characterizing skin permeability has previously been validated for simulating systemic
disposition of transdermally-applied drugs; the work here expands on the systems biology
model previously described [11].

When viewing the skin as a single, inactive barrier (i.e., no clearance or active trans-
port), two specific parameters can describe the nature of time-dependent kinetics and
extent of transdermal absorption of a compound: the skin barrier permeability (kperm)
and compound dermal bioavailability (Fg,,;). Changing environmental factors, such as
humidity, addition of permeation enhancers, and skin composition can influence these
coefficients. The relationship between these compounds and their overall absorption rate
of a compound can be captured as:

dA
= = SA % Dose % Fippm * Kperm @)

where dA/dt represents the overall rate of mass transport, and SA is the surface area of
formulation application.

2.1.1. Intra-Skin Permeability Prediction

Extension of the model for intra-skin prediction requires estimation of additional
parameters that are not experimentally available—specifically, diffusion coefficient (diffu-
sivity, D) and partition coefficient (K) values for layers with assumed independent behavior.
The relevant systems are captured in Figure 2, and the key assumptions in the model are
documented in Supplementary Table S1.
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Figure 2. Basic diagram of 1D model for simulating transdermal permeation in BIOiSIM. D; is the
diffusion coefficient for a compound across each respective skin layer; K; is the partition coefficient
boundary condition at each layer interface; R; is the resistance to permeation; and § is the thickness
of each layer. SC = Stratum corneum; VE = viable epidermis; De = Dermis.

The permeability of compounds is dependent on both the thickness and diffusivity
within a layer, as outlined in Fick’s first law [22,23]. Thus, the permeability of each
individual layer can be calculated as:

D:
kperm, [ (Tl (2)
i
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where i refers to a respective skin layer, D is the diffusivity, and ¢ is the thickness of the
layer. Key assumptions are made to simulate the skin accurately and reduce reliance on
immeasurable parameter values. The layers were assumed to behave as a system of serially
connected resistors, each with a permeation resistance R. Stratum corneum (SC) permeation
was assumed to be dominated via lipid channels between the packed corneocytes for both
selected compounds. The skin was split up into three layers for simulation—the stratum
corneum, viable epidermis, and dermis. Thus, the relationship between layer resistance
and permeability can be defined as:

1
R = 3
kperm ©)
Riotal = Rsc + Rye + Rpe (4)
1 1 1 1
= + + 5)

kperm kperm,SC kperm, VE kperm, De

where R is the permeation resistance for each respective layer, and SC, VE, and De refer to
stratum corneum, viable epidermis, and dermis, respectively. Thus, with a known total
skin permeability, diffusivity of individual skin layers, and their thickness, we can estimate
the permeability within each skin layer with some confidence and make assessments of
compound permeation to site-specific areas. The skin thicknesses utilized in the simulation
were 0.3 cm (3000 micron) for the dermis, 0.01 cm (100 micron) for the viable epidermis,
and 0.002 cm (20 micron) for the stratum corneum as reasonable estimates from literature
(Figure 1) [3,4]. Skin was assumed to be well hydrated. Diffusion within the formulation
was assumed to be fast and non-rate limiting, and dermal bioavailability was assumed to
be independent of the stratum corneum.

Diffusivity for each of the individual layers was predicted using an optimized overall
skin permeability, kperm, and normalization of calculated permeability values using known
quantitative-structure property relationship models (QSPR) [22,24]. Given the similarity in
composition between the two layers, the standard assumption of equivalent diffusivity in
viable epidermis and dermis is made. Partition coefficients (Figure 2) for the four barriers
are also calculated via established QSPR models [7,24]. Although there are no direct models
for predicting the partition coefficient of viable epidermis to stratum corneum, this value
was estimated as:

Kygsc = IIEVE:water (6)
SC:water

The partition coefficient between viable epidermis and dermis was assumed to equal
1, as they are not traditionally evaluated separately for compound partitioning [25]. All
physiological parameters characterizing layer density and mass fraction composition influ-
encing partitioning were obtained from the original source [7,24,26]. The vehicle used in the
formulation was assumed to be similar to water with respect to its partitioning behavior.

2.1.2. Calculation of Intra-Skin Concentration

The concentration of compound at the apical surface of each layer was calculated. It
was assumed that the mu-opioid receptors that are targeted by both buprenorphine and
oxycodone are located between the apical side of the viable epidermis and the dermis.
Following the defined boundary conditions, and assuming that diffusion is dominated
unidirectionally (skin concentration of compound significantly greater than plasma), we
obtain the following relationships for skin concentration in healthy patients:

CSC = Cpose * KSC:Vehicle * Fderm (7)

R
Cye = Csc * (1 Sl ) * KyE.sc )
total
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Ryg + Rsc

CD = CSC * <1 -
‘ Riotal

) * Kyg:sc * Kpe:ve )
In patients with lesions, it is assumed that the stratum corneum is completely dis-
rupted while the viable epidermis and dermis stay intact [27,28]. Dermal bioavailability is
maintained as constant (with the assumption that the stratum corneum does not impact
compound clearance or significant retention of the compound). Thus, the relationships
above are adjusted as follows for patients with lesions at the site-of-administration:

CVE = CDose * KVE:Vehicle * chrm (10)
Cpe = Cyg * (1 - RVE> * Kpe:vE (11)
Ryg + Rpe

2.2. Test Dataset and Data Curation

Two compounds were selected for model testing and validation—Oxycodone and
Buprenorphine. They were selected because of their well characterized PK and existence of
in vivo data for both transdermal (TD) and non-TD routes that could be utilized for optimiz-
ing parameters and coefficients critical for predicting localized distribution/penetration.
Compound physicochemical properties and in vivo plasma concentration time profiles
included in this study were extracted from publicly available datasets published in peer-
reviewed journals. The drug parameters used for simulation and the datasets used for
model training are reported in Tables 1 and 2, respectively.

Table 1. Drug properties and PK parameter values used in simulations of Oxycodone and Buprenor-
phine disposition. Values were obtained from literature, default value approximation, or machine
leaning (ML) optimization. Values marked with (*) were optimized.

Property Oxycodone Buprenorphine
Chemical class Weak base Weak base
Behavior Full opioid agonist Opioid agonist-antagonist
Plasma protein fraction unbound (fu,p) 0.55 0.04 [29]
Blood:plasma binding coefficient (B:P) 1.0465 * 0.55 [30]
Clearance [L/h] 28.3 % 85.5*
Tissue:plasma partition coefficient (Kp) 529* 13.3464
Transdermal perr211eab111ty (kperm) 0.0001 * 0.000593 *
[em* /h]
Bioavailability (Oral) 0.735 N/A
Bioavailability (TD) 0.3312 * 0.15 [31]
First-order absorption rate constant (ka) 0.8281 * N/A
logP 0.255 [32] 4.98 [32]
pKa acid 13.56 7.5

pKa base 8.21 12.54
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Table 2. Background on datasets used for systemic plasma-venous compartment disposition simula-
tion and optimization of missing PK parameters.

Drug Name ROA Dosage Experimental Setup

12 healthy subjects were given
0.1 mg/kg of intravenous

v 0-1mg/kg oxycodone after pre-treatments
with placebo.
15 mg oral dose of the drug was
Oral 15 mg administered to 12 healthy
Oxycodone volunteers.

Subjects received a single 3-day
(72 h) application of three 40 cm
solid matrix oxycodone
Transdermal 23.4 mg, Patch transdermal patches containing
6.7 mg tocopheryl phosphate
mixture and 23.4 mg of
oxycodone per patch.

2

Buprenophine in a single dose
v 1.2 mg 1.2 mg was administered to six
healthy male volunteers.

Buprenorphine A buprenorphine transdermal

system delivering 10 mcg/hour
was applied to healthy
volunteers.

Transdermal 1.68 mg

2.3. Subjects

Parameters characterizing subject-specific physiological behavior (e.g., tissue flow
rates, tissue volume, tissue composition) for the different physiological compartments in
the BIOiSIM model were adapted from reputed literature sources [33-35]. For the purpose
of this study, and to maximize clinical relevance of simulation, only compound PK datasets
from humans were included.

2.4. Statistical Analysis

The statistical methods utilized for assessment of model performance and optimiza-
tion have been described in previous work [11]. The in vivo plasma concentration datasets
were sourced from publicly available literature and manually digitized from source publi-
cations using “WebPlotDigitizer” version 4.2.34. Error bars were included where available;
when unavailable, the error for each individual point was assumed to be equivalent to
the reported % SD reported for Cpax. Model extension, development, and validation
were done in Python with Cython integration in conjunction with auxiliary packages mat-
plotlib (v2.0.2) and Numpy (v1.14.2). Model validation and analysis of model goodness-of-
fit/accuracy was conducted using four quantitative metrics: absolute average fold error
(AAFE), average fold-error (AFE), geometric mean fold-error (GMFE) across the pharma-
cokinetic outputs and ratio paried t-test to assess statistically-significant differences in the
curve fits. The output parameters predicted specifically for this study using the BIOiSIM
model include: Cax, AUC(_t, AUCp oo, AUMCqt, MRT, and Vdss and are calculated using
well-established relationships. In lieu of using the PK values reported in the original
publications, each of these statistics was recalculated using noncompartmental methods
from the digitized plots to minimize discrepancy. For each PK output, AAFE, AFE, and
GMEFE were calculated as:

==

£ 1o (Graaed)
AFE = Average fold error = 10" i=1 et

(12)
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n .
1 Predicted;
n 'Zl “()g ( Observed; )‘

AAFE = Absolute average fold error = 10" i=

(13)
GMFE = Geometric mean fold error = (AAFE oyc X AAFEpnax X AAFECWX)% (14)

where 7 is the total number of compounds used in the analysis, and Predicted; / Observed;
correspond to predicted and observed values of PK parameters, respectively. A statistical
test comparing simulated plasma concentration profiles relative to experimental measure-
ments was done using ratio paired t-test. Calculations of AFE, AAFE, test statistics, and
visual analysis were done in GraphPad Prism version 8.4.3 (GraphPad Software, San Diego,
CA, USA) and Microsoft Excel (2016).

3. Results
3.1. Simulation Accuracy

The performance of the base transdermal model and systems biology PK model was
evaluated by simulating the systemic plasmavenous concentration of compounds Oxy-
codone and Buprenorphine in healthy humans (Figure 3). For Oxycodone, three datasets
were obtained from literature (IV, Oral, TD) routes whereas for Buprenorphine two robust
datasets were identified (IV, TD). Additional datasets were identified for both compounds
for in vivo disposition and PK property estimation; however, they were excluded during
the data curation phase as a result of inconsistent data reporting and issues with units. The
optimized and experimental values used for simulation of drug plasma pharmacokinetics
are summarized in Table 1.

Accuracy of the simulation was evaluated by visual assessment of the plots, calculation
of AAFE for three key metrics (AUCq_t, Cmax, tmax), an average GMFE, and a p-value via
t-test. Results from the analysis are summarized in Table 3. Overall, the simulation results
were highly accurate for both compounds—GMFE was less than 1.3 for the three PK
outputs studied, indicating an average of less than 1.3 fold-error for the fits.

For Buprenorphine, visual analysis of the IV and TD plots indicated that the simula-
tion results were overall accurate with some discrepancies in the TD profile. The ascending
phase of Buprenorphine administration was predicted with higher variability than the ter-
minal phase; the visible time lag in plasmavenous concentration post-administration may
indicate that this is a result of under-predicting long-term skin retention of the compound.
This likely leads to the lower p-value calculated via the paired t-test (0.0112, significant
difference) for the regression profile. Additionally, the IV profile appears to have the
opposite problem—at lower concentrations, the simulation appears to under-predict clear-
ance. Given that these simulations are fitting a mean parameter set, this is not surprising,
especially with the variable clearance profile of Buprenorphine in patients. The AAFE
for AUCqt, Cmax, and tmax were <1.2 for IV and <1.3 for TD, indicating that although
some specific characteristics of the curve profiles may be underfit, the overall systemic
exposure is adequately and accurately simulated. GMFE for IV and TD (1.07, 1.10 respec-
tively) supports the overall integrity of the fit. It is expected that although there may be
inter-individual variance in the transdermal permeation rate, the relative permeability
of compound at each skin layer will maintain their proportionality relative to the mean
optimized rate as derived in the Methods section and, thus, are still useful for simulating
and estimating compound exposure at each layer.
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Figure 3. Dose and route-of-administration dependent prediction of compound plasma concentration for Oxycodone and
Buprenorphine. Dashed lines correspond to BIOiSIM simulation outputs. Error bars and individual data points were

digitized from the original publications, where available, and correspond to standard error/standard deviation, as presented
in the original work.
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Table 3. Comparison of model predicted outputs to experimental outputs.
Compounds Buprenorphine Oxycodone
Output Metric ROA v TD v Oral TD
Dose (mg) 1.2 1.68 6.75 39 234
Observed * NA NA NA 180.00 209.05
AUC Calculated 17.45 25.99 153.10 180.29 214.01
( *h%)) Predicted 14.83 26.27 161.28 208.86 220.04
HE AAFE 1.18 1.01 1.05 1.16 1.03
AFE 1.18 0.99 0.95 0.86 0.97
Observed * 37.52 NA NA 38.00 3.40
Calculated 38.16 0.20 30.73 33.26 3.20
Cmax (ng/L) Predicted 36.76 0.20 38.41 29.95 3.26
AAFE 1.04 1.03 1.25 1.11 1.02
AFE 1.04 1.03 0.80 1.11 0.98
Observed * 0.04 NA NA 1.08 49.30
Calculated 0.04 48.02 0.43 1.19 47.99
Tmax (h) Predicted 0.04 37.99 0.43 0.86 27.25
AAFE 1.00 1.26 1.00 1.39 1.76
AFE 1.00 1.26 1.00 1.39 1.76
GMEFE 1.07 1.10 1.10 1.21 1.23
p-value 0.4474 0.0112 0.7468 0.1666 0.8696
- L . )
Statistics Significant difference? No Yes No No No
(p-value < 0.05)

* Outputs marked as “observed” are those that were pulled directly from the source validation data manuscripts. “Calculated” corresponds
to recalculation of output values using internal non-compartmental methods. Predicted Cpax values correspond to the maximum sampling
concentration within the time range of observed timepoints.

For Oxycodone, the visual analysis of the fits indicated that the simulation was well
within the error of the experimentally measured datapoints. The terminal phase for the
IV plot do evidence some under-prediction of clearance (and slight over-prediction of
distribution), and as with Buprenorphine this can be speculated to be a result of the mean
parameter fit to the data versus a true population simulation. Overall, all ROA’s and
datasets fit well, as indicated by the high p-values—0.75, 0.17, and 0.87 for IV, Oral, and
TD, respectively. GMFE values are <1.25 for all three PK outputs (corresponding to low
fold-error), with the largest AAFE in the tmax for the transdermal route. Given the high
experimental variability observed in the datapoints, it is likely that the tmax shown in
the averaged plot from the original source may be skewed by an outlier; thus, the fit can
overall be considered high-accuracy and utilized for interpolating the skin concentration
achieved during administration and to simulate changes in permeability as a function of
skin lesion presence.

3.2. Predicted Skin Model Parameters

As expected, the more lipophilic buprenorphine had a higher optimized permeability
than oxycodone (5.93 x 10~* vs. 1.00 x 107%, respectively). The partition coefficients and
effective permeabilities of the individual skin layers—stratum corneum, viable epidermis,
dermis—are shown in Table 4. These values were predicted from an input of the optimized
kperm value (“Total”), and using models developed by Kretsos et al. [24] for dermis/viable
epidermis diffusivity and Potts, Guy for stratum corneum diffusivity [22]. Using Equation (2)
and the estimated thicknesses for each layer, permeabilities were calculated from these
simulated conditions, added, and re-normalized to maintain the proportionality between the
calculated stratum corneum and dermis permeability.
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Table 4. Calculated parameters for skin disposition model.
Parameter Calculated Oxycodone Buprenorphine
SC/w 3.73 5.29
Partition Coefficients (K) De/w 10.29 57.29
VE/SC 2.76 10.83
Total 1.000 x 10~* 5.93 x 10~*
- sC 1.005 x 10~* 15.6 x 1074
P bility (k h
ermeability (Kpern) [em/h] VE 0.82 0.04
Dermis 220 x 1074 9.88 x 10~*
Total 10,000 1686.82
. SC 9952.99 641.39
Resistance (R) [h/cm] VE 121 26.98
Dermis 45.49 1011.71

For both compounds, stratum corneum (SC) resistance to permeation was significant.
In the case of the highly lipophilic buprenorphine (logP 4.98), the stratum corneum was
less of a significant barrier, and the thickness of the skin layer was a bigger driving
of resistance (~60% of the resistance came from the dermis). For oxycodone, the low
lipophilicity (logP = 0.255) resulted in a calculated resistance for the stratum corneum that
was significantly higher than the other layers (99.5%).

3.3. Simulation of Disposition in Patients with Lesions

The simulations of plasmavenous concentration using the dosage regimens docu-
mented in Table 2 in patients with lesions relative to healthy skin are shown in Figure 4.
For Buprenorphine, the increase in Cpax and AUC(_; were modest (~50% change in Cpax,
~30% in AUCy), with an overall decline over seven days more rapidly than in healthy
patients as a result of the faster permeation and effective clearance. For Oxycodone, the
Cmax was significantly higher with rapid elimination as a function of the rapid permeation.

Oxycodone

— Healthy
- = Lesion

Buprenorphine

0.3+ S——— — Healthy 60
- g S - = Lesion <
O) o)
2 Z
p - 40
) )
J< S
@ @ 20
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Time (h)

=T 1
120 144

Figure 4. Prediction of the systemic disposition of Buprenorphine and Oxycodone in patients with healthy and compromised

skin (lesions). Dosing regimens used for simulation were the same as cited in Table 4.

Figure 5 captures the effects of skin lesions and skin layer depth on the concentration
of compounds. For buprenorphine, the majority of compound permeates rapidly through
the stratum corneum and partitions into the dermis, where the concentration slowly
declines as the reservoir in the compound vehicle is depleted. Thus, the impact of lesions
is not as significant (<2-fold change in Cnax, AUCy). This contrasts to the hydrophilic
oxycodone, where the rate-limiting stratum corneum layer prevents a significant portion
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Concentration (pg/L)

of the compound from permeating deeper in healthy patients. At the surface of the dermis,
used as a relative site-of-action for opioid receptor agonism, the concentration of oxycodone
sharply declines over the first 6 h of exposure with a significantly higher peak.

Oxycodone Buprenorphine
1,000,000+ . 200,000
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Figure 5. Prediction of skin layer concentrations for compounds administered in healthy patients and patients with lesions.
The Oxycodone dataset excludes Viable Epidermis (VE) concentration plots, as the high permeability of that layer results in

a concentration profile that is virtually identical to the concentration at apical dermis surface.

4. Discussion

In recent years, the topical use of analgesics of various drug classes has gained pop-
ularity as a painless and noninvasive route of delivery with simple and easy adminis-
tration [2,36] Clinical studies have demonstrated the analgesic efficacy of opioids when
applied topically in certain situations such as skin ulcers and oral mucositis [1]. The ad-
vantage of administering an opioid topically is the avoidance of systemic adverse effects
such as nausea, constipation, and sedation. Generally, opioid analgesics, when applied
on skin, show the properties of transdermal drugs that are absorbed into the blood flow
and exert systemic influence, in particular, activation of the opioid receptors in the central
nervous system. There are several practices, formulations, and dose concentrations of the
topical opioid preparations proposed for clinical use [37]. There are three drug compounds
among the central opioid analgesics that exert topical influence and possess low skin
permeability, i.e., Morphine, Diamorphine, and Buprenorphine. Despite growing evidence
since the 1990s that they are efficient and safe in acute and chronic pain conditions, only
Buprenorphine was shown to be free of serious adverse effects [38].

Buprenorphine is an agonist of mu-opioid receptors showing no marked interaction
with both delta- and kappa-receptors. Clinical trials indicate greater pain relief, improve-
ment of sleep quality, and decreased need for rescue therapy, when Buprenorphine is used
for cancer pain treatment, which confirm the promising safety profile of this drug [36]. It
is of special interest because of the long period of action and high lipophilic properties,
suggesting beneficial characteristics for the topical use [39]. Demonstration of peripheral
opioid receptors in inflamed synovia supports the concept of the local mechanisms of
analgesia for this drug. A Buprenorphine patch was shown to provide relief in the treat-
ment of moderate to severe cancer pain as well as musculoskeletal pain syndrome [17].
Short-term analgesic effect due to topical administration of 100 pg Buprenorphine after
knee arthroscopy was shown to be non-inferior to 0.25% bupivacaine [17]. Our results
confirm sufficient accumulation of Buprenorphine in epidermis and dermis layers of the
skin where major part of the peripheral opioid receptors is located. The results given in the
Table 4 suggest that Buprenorphine meets much less resistance being transferred through
SC in comparison to Oxycodone. On the other hand, it has higher capacity of retention
in the viable epidermis and dermis because it shows high permeability and lower resis-
tance coefficients. These parameters suggest lower systemic exposure of Buprenorphine in
comparison to Oxycodone, which is proved by the plasma concentration versus time plots
provided in Figure 5.

Oxycodone was also used as a topical analgesic and demonstrates sufficient clinical
efficacy despite it is not clear if those effects were central or caused by stimulation of the
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skin opioid receptors [18]. In the present study, we have demonstrated that Oxycodone
has good retention in healthy skin, thus, providing analgesics activity. On the other hand,
in a case of skin lesion, predictions have shown dramatic decrease of the Oxycodone
concentration in the skin layers suggesting rapid transdermal absorption and low topical
analgesic activity.

Acute skin lesion modeling was performed by removal of the SC parameters from
the prediction computation because generally SC is partly or completely disrupted in
patients with acute lesions [40]. This approach is confirmed by the experimental and
clinical studies showing desquamation or total disintegration of SC in acute thermal
injury [41], partial disruption in the patients with pressure ulcers II-III degree [40], and even
in atopic dermatitis involuntary scratching provoked by severe itching can lead to a physical
disruption of the SC, thereby exacerbating the intrinsic weakness in the barrier [27,42].

Several key insights can be drawn from the simulated results and profiles. The first
is that indeed, as expected, the presence of topical lesions has an impact on both the
systemic and local disposition of compounds. This effect appears to be more pronounced
in low-lipophilicity compounds that typically permeate less effectively across an intact
stratum corneum. This is an indication that Oxycodone in a fixed-release formulation
(e.g., a patch, not a lotion) may be preferred in patients with topical lesions in the context
of pharmacokinetics. The formulation matrix can act as a release rate limiting factor taking
over the main function of stratum corneum. In addition, transdermal dosage forms with
controlled drug release mechanisms can be tuned meeting the desired drug systemic expo-
sure level without compromising skin absorption. Such further work to investigate these
phenomena by expanding the analysis to more structurally-diverse compounds, as well
as conducting in vitro verification of compound partitioning and penetration to specific
sites using Franz diffusion cells or in vivo via tape-stripping methods, could contribute
the deeper insight [14]. Extending the model to a full brick-and-mortar simulation of the
stratum corneum to isolate potential influence of transcellular diffusion and retention, as
well as permeation through the sebum could provide interesting insight when coupled
with further experimental datasets.

Additional assumptions in the model may require further experimentation to charac-
terize variability in simulations between subjects and compounds. In the model, intra-skin
metabolic/clearance effects are assumed to be dominant in viable epidermis and dermis
layers and are, thus, captured in the bioavailability values used in the model for each
compound. Further in vitro experiments may also be relevant to evaluating the impact
of these mechanisms on transdermal compound retention and local exposure. Given the
impact of skin hydration levels on compound ionization in skin, sensitivity analyses that
explore changes in transdermal permeability among multiple patients can give useful
insight into the impact these properties have on compound permeation.

There are some results published that indicate epicutanious administration of opioid
analgesics, in particular morphine, is followed by rapid drug absorption into the systemic
circulation to the levels that are comparable with plasma concentration profile noted
injection of oral intake [43]. The present study is focused on clarifying the possible benefits
associated with the topical use of opioid analgesics applied either on healthy skin or on
impaired skin with disrupted superficial layers. Topical use does not suppose systemic
exposure of the buprenorphine and oxycodone leading to substantially lower risk of
adverse reaction with relatively high analgesic activity. In particular, they do not provoke
development of the immune system impairment making them promising candidates for
the analgesic therapy.

The results of the present study have shown Buprenorphine to have much higher
skin retention capacity in comparison to Oxycodone, which can be explained by its greater
lipophilicity [44]. That difference in the absorption rate was more obvious in the model of
the damaged skin, as it supposes the lack SC barrier function accelerating drug permeability.
Values of the skin resistance indicate that the main barrier for Oxycodone is SC layer.
Therefore, disruptions of this layer result in almost completely reduced resistance and
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dramatically accelerated absorption rate with the following rapid systemic exposure. These
findings suggest that among these two test drugs, Buprenorphine should be considered
a drug of choice for topical administration in the treatment of acute pain syndrome in
damaged skin. Selection and characterization of the opioid analgesic drug with a topical
type of activity is considered to be quite promising, as it would allow for effective pain
management with the low risk of adverse reactions.

5. Conclusions

In the present study, the BIOiSIM platform was used to demonstrate the potential ben-
efits and drawbacks of topical opioid agonist use such as Buprenorphine and Oxycodone
for management of topically presented severe pain syndrome. The results have confirmed
that both these drugs have good skin retention and can stimulate opioid receptors located
in the lower layers of epidermis, mostly in stratum basale. Oxycodone has poorer accu-
mulation capacity in the skin in the presence of lesions, whereas Buprenorphine shows
good topical properties in any skin conditions. These results suggest that opioid analgesics
with substantial skin retention capacity can be applied topically for the treatment of pain
syndrome in a case of skin impairment associated with severe pain. Drugs with poor
retention and, thus, a great level of transdermal absorption, such as Oxycodone, are recom-
mended to be avoided in the topical treatment of pain in acute skin lesions. Evaluation of
the computational results and experimental data indicate that computational tools, such as
BIOiSIM, have utility in conjunction with experimental data for assessing and optimizing
dosing strategies.

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-4
923/13/2/284/s1, Table S1: Main assumption of the skin physiological characteristics used for
prediction of opioid skin absorption.

Author Contributions: Conceptualization, M.K. and V.A.; methodology, M.K. and V.A.; data curation,
H.H. and M.K; writing—original draft preparation, M.K. and V.A.; writing—review and editing,
K.C,; visualization, M.K. and V.A.; project administration, K.C. and ].V.; funding acquisition, J.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to acknowledge Bryan Vicknair and Jason Walsh for
software support of model development, data uploads, and generation of simulation results.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Leppert, W.; Malec-Milewska, M.; Zajaczkowska, R.; Wordliczek, J. Transdermal and Topical Drug Administration in the
Treatment of Pain. Molecules 2018, 23, 681. [CrossRef]

2. Flores, M.P,; de Castro, A.P.C.R.; dos Santos Nascimento, J. Topical analgesics. Rev. Bras. Anestesiol. 2012, 7094, 70122-70128.
[CrossRef]

3.  Bigliardi-Qi, M.; Gaveriaux-Ruff, C.; Hohl, D.; Bigliardi, P.L. Opioid receptors in skin—Link between stress and skin disease?
Exp. Derm. 2006, 15, 643-648. [CrossRef]

4. Stander, S.; Gunzer, M.; Metze, D.; Luger, T.; Steinhoff, M. Localization of p-opioid receptor 1A on sensory nerve fibers in human
skin. Regul. Pept. 2002, 110, 75-83. [CrossRef]

5. Wei, ].C.J.; Edwards, G.A.; Martin, D.].; Huang, H.; Crichton, M.L.; Kendall, M.A.F. Allometric scaling of skin thickness, elasticity,
viscoelasticity to mass for micro-medical device translation: From mice, rats, rabbits, pigs to humans. Sci. Rep. 2017, 7, 15885.
[CrossRef] [PubMed]

6. James, D.L.; Jowza, M. Principles of Burn Pain Management. Clin. Plast. Surg. 2017, 44, 737-747. [CrossRef]

7. Hansen, S.; Lehr, C.M.; Schaefer, U.F. Improved input parameters for diffusion models of skin absorption. Adv. Drug Deliv. Rev.

2013, 65, 251-264. [CrossRef]


https://www.mdpi.com/1999-4923/13/2/284/s1
https://www.mdpi.com/1999-4923/13/2/284/s1
http://doi.org/10.3390/molecules23030681
http://doi.org/10.1016/S0034-7094(12)70122-8
http://doi.org/10.1111/j.1600-0625.2006.00439c.x
http://doi.org/10.1016/S0167-0115(02)00159-3
http://doi.org/10.1038/s41598-017-15830-7
http://www.ncbi.nlm.nih.gov/pubmed/29162871
http://doi.org/10.1016/j.cps.2017.05.005
http://doi.org/10.1016/j.addr.2012.04.011

Pharmaceutics 2021, 13, 284 15 of 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Musazzi, U.M.; Matera, C.; Dallanoce, C.; Vacondio, F.; De Amici, M.; Vistoli, G.; Cilurzo, F.; Minghetti, P. On the selection of an
opioid for local skin analgesia: Structure-skin permeability relationships. Int. J. Pharm. 2015, 489, 177-185. [CrossRef]
Lachiewicz, A.M.; Williams, EN.; Carson, S.S.; Trexler, ].M.; Nielsen, C.A.; van Duin, D.; Weber, D.J.; Williams, S.D.; Jones, S.W.;
Cairns, B.A. Improving Research Enrollment of Severe Burn Patients. J. Burn Care Res. 2017, 38, e807—e813. [CrossRef]

Todo, H. Transdermal Permeation of Drugs in Various Animal Species. Pharmaceutics 2017, 9, 33. [CrossRef] [PubMed]
Maharao, N.; Antontsev, V.; Hou, H.; Walsh, J.; Varshney, J. Scalable in silico Simulation of Transdermal Drug Permeability:
Application of BIOiSIM Platform. Drug Des. Devel. 2020, 14, 2307-2317. [CrossRef] [PubMed]

Pecoraro, B.; Tutone, M.; Hoffman, E.; Hutter, V.; Almerico, A.M.; Traynor, M. Predicting Skin Permeability by Means of
Computational Approaches: Reliability and Caveats in Pharmaceutical Studies. J. Chem. Inf. Model 2019, 59, 1759-1771. [CrossRef]
[PubMed]

Chen, LJ.; Lian, G.P; Han, L. Prediction of human skin permeability using artificial neural network (ANN) modeling.
Acta Pharm. Sin. 2007, 28, 591-600. [CrossRef] [PubMed]

Ellison, C.A.; Tankersley, K.O.; Obringer, C.M.; Carr, G.J.; Manwaring, J.; Rothe, H.; Duplan, H.; Genies, C.; Gregoire, S.;
Hewitt, N.J.; et al. Partition coefficient and diffusion coefficient determinations of 50 compounds in human intact skin, isolated
skin layers and isolated stratum corneum lipids. Toxicol. Vitr. 2020, 69, 104990. [CrossRef]

Mitragotri, S.; Anissimov, Y.G.; Bunge, A.L.; Frasch, H.F; Guy, R.H.; Hadgraft, J.; Kasting, G.B.; Lane, M.E.; Roberts, M.S.
Mathematical models of skin permeability: An overview. Int. |. Pharm. 2011, 418, 115-129. [CrossRef]

Obata, Y.; Takayama, K. Related Topic: Determination of Partition Coefficient from Vehicle to Skin. In Skin Permeation and
Disposition of Therapeutic and Cosmeceutical Compounds; Sugibayashi, K., Ed.; Springer: Tokyo, Japan, 2017; pp. 385-389. [CrossRef]
Varrassi, G.; Marinangeli, F.; Ciccozzi, A.; Iovinelli, G.; Facchetti, G.; Ciccone, A. Intra-articular buprenorphine after knee
arthroscopy. A randomised, prospective, double-blind study. Acta Anaesthesiol. Scand. 1999, 43, 51-55. [CrossRef]

Ballas, S.K. Treatment of painful sickle cell leg ulcers with topical opioids. Blood 2002, 99, 1096. [CrossRef]

Pergolizzi, J.V., Jr.; Mercadante, S.; Echaburu, A.V.; Van den Eynden, B.; Fragoso, R.M.; Mordarski, S.; Lybaert, W.; Beniak, J.;
Oronska, A.; Slama, O.; et al. The role of transdermal buprenorphine in the treatment of cancer pain: An expert panel consensus.
Curr. Med. Res. Opin. 2009, 25, 1517-1528. [CrossRef]

Chakravarty, K.; Antontsev, V.; Jagarapu, A.; Bundey, Y.; Hou, H.; Maharao, N.; Varshney, J. Accelerated repurposing and drug
development of pulmonary hypertension therapies for COVID-19 treatment using an Al-integrated biosimulation platform.
Res. Sg. 2020. [CrossRef]

Maharao, N.; Antontsev, V.; Wright, M.; Varshney, J. Entering the era of computationally driven drug development.
Drug Metab. Rev. 2020, 52, 283-298. [CrossRef] [PubMed]

Potts, R.O.; Guy, R.H. Predicting skin permeability. Pharm. Res. 1992, 9, 663-669. [CrossRef] [PubMed]

Shatkin, J.A.; Brown, H.S. Pharmacokinetics of the dermal route of exposure to volatile organic chemicals in water: A computer
simulation model. Environ. Res. 1991, 56, 90-108. [CrossRef]

Kretsos, K.; Miller, M.A.; Zamora-Estrada, G.; Kasting, G.B. Partitioning, diffusivity and clearance of skin permeants in
mammalian dermis. Int. . Pharm. 2008, 346, 64-79. [CrossRef] [PubMed]

Polak, S.; Ghobadi, C.; Mishra, H.; Ahamadi, M.; Patel, N.; Jamei, M.; Rostami-Hodjegan, A. Prediction of concentration-time
profile and its inter-individual variability following the dermal drug absorption. J. Pharm. Sci. 2012, 101, 2584-2595. [CrossRef]
Nitsche, ].M.; Wang, T.F,; Kasting, G.B. A two-phase analysis of solute partitioning into the stratum corneum. J. Pharm. Sci. 2006,
95, 649-666. [CrossRef] [PubMed]

Harding, C.R. The stratum corneum: Structure and function in health and disease. Dermatol. Ther. 2004, 17 (Suppl. 1), 6-15.
[CrossRef]

Scott, R.C.; Corrigan, M.A.; Smith, F.; Mason, H. The influence of skin structure on permeability: An intersite and interspecies
comparison with hydrophilic penetrants. J. Investig. Derm. 1991, 96, 921-925. [CrossRef]

Lombardo, F; Berellini, G.; Obach, R.S. Trend Analysis of a Database of Intravenous Pharmacokinetic Parameters in Humans for
1352 Drug Compounds. Drug Metab. Dispos. 2018, 46, 1466-1477. [CrossRef] [PubMed]

Kalluri, H.V,; Zhang, H.; Caritis, S.N.; Venkataramanan, R. A physiologically based pharmacokinetic modelling approach
to predict buprenorphine pharmacokinetics following intravenous and sublingual administration. Br. J. Clin. Pharm. 2017,
83, 2458-2473. [CrossRef]

Purdue Pharma L.P. Butrans® ( Buprenorphine) Transdermal System; NDA 021306/S-027; FDA: Silver Spring, MD, USA, 2017.
Benet, L.Z.; Broccatelli, F.; Oprea, T.I. BDDCS applied to over 900 drugs. AAPS J. 2011, 13, 519-547. [CrossRef]

Boger, E.; Evans, N.; Chappell, M.; Lundqvist, A.; Ewing, P.; Wigenborg, A.; Friden, M. Systems Pharmacology Approach
for Prediction of Pulmonary and Systemic Pharmacokinetics and Receptor Occupancy of Inhaled Drugs. CPT Pharmacomet.
Syst. Pharm. 2016, 5, 201-210. [CrossRef]

Campbell, J.L.; Andersen, M.E.; Clewell, H.J. A hybrid CFD-PBPK model for naphthalene in rat and human with IVIVE for nasal
tissue metabolism and cross-species dosimetry. Inhal. Toxicol. 2014, 26, 333-344. [CrossRef] [PubMed]

Jamei, M.; Bajot, F; Neuhoff, S.; Barter, Z.; Yang, J.; Rostami-Hodjegan, A.; Rowland-Yeo, K. A mechanistic framework for
in vitro-in vivo extrapolation of liver membrane transporters: Prediction of drug-drug interaction between rosuvastatin and
cyclosporine. Clin. Pharm. 2014, 53, 73-87. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2015.04.071
http://doi.org/10.1097/BCR.0000000000000489
http://doi.org/10.3390/pharmaceutics9030033
http://www.ncbi.nlm.nih.gov/pubmed/28878145
http://doi.org/10.2147/DDDT.S253064
http://www.ncbi.nlm.nih.gov/pubmed/32606600
http://doi.org/10.1021/acs.jcim.8b00934
http://www.ncbi.nlm.nih.gov/pubmed/30658035
http://doi.org/10.1111/j.1745-7254.2007.00528.x
http://www.ncbi.nlm.nih.gov/pubmed/17376301
http://doi.org/10.1016/j.tiv.2020.104990
http://doi.org/10.1016/j.ijpharm.2011.02.023
http://doi.org/10.1007/978-4-431-56526-0_34
http://doi.org/10.1034/j.1399-6576.1999.430112.x
http://doi.org/10.1182/blood.V99.3.1096
http://doi.org/10.1185/03007990902920731
http://doi.org/10.21203/rs.3.rs-48619/v2
http://doi.org/10.1080/03602532.2020.1726944
http://www.ncbi.nlm.nih.gov/pubmed/32083960
http://doi.org/10.1023/A:1015810312465
http://www.ncbi.nlm.nih.gov/pubmed/1608900
http://doi.org/10.1016/S0013-9351(05)80112-4
http://doi.org/10.1016/j.ijpharm.2007.06.020
http://www.ncbi.nlm.nih.gov/pubmed/17703903
http://doi.org/10.1002/jps.23155
http://doi.org/10.1002/jps.20549
http://www.ncbi.nlm.nih.gov/pubmed/16432875
http://doi.org/10.1111/j.1396-0296.2004.04S1001.x
http://doi.org/10.1111/1523-1747.ep12475447
http://doi.org/10.1124/dmd.118.082966
http://www.ncbi.nlm.nih.gov/pubmed/30115648
http://doi.org/10.1111/bcp.13368
http://doi.org/10.1208/s12248-011-9290-9
http://doi.org/10.1002/psp4.12074
http://doi.org/10.3109/08958378.2014.896059
http://www.ncbi.nlm.nih.gov/pubmed/24666369
http://doi.org/10.1007/s40262-013-0097-y

Pharmaceutics 2021, 13, 284 16 of 16

36.

37.

38.
39.

40.

41.

42.

43.

44.

Jorge, L.L.; Feres, C.C.; Teles, V.E. Topical preparations for pain relief: Efficacy and patient adherence. J. Pain Res. 2010, 4, 11-24.
[CrossRef] [PubMed]

Graham, T.; Grocott, P.; Probst, S.; Wanklyn, S.; Dawson, J.; Gethin, G. How are topical opioids used to manage painful cutaneous
lesions in palliative care? A critical review. Pain 2013, 154, 1920-1928. [CrossRef] [PubMed]

Stein, C.; Lang, L.J. Peripheral mechanisms of opioid analgesia. Curr. Opin. Pharm. 2009, 9, 3-8. [CrossRef]

Faymonville, M.E.; Libbrecht, D. Transdermal buprenorphine: A current overview of pharmacological and clinical data.
Rev. Med. Liege 2008, 63, 671-676.

Bhattacharya, S.; Mishra, R K. Pressure ulcers: Current understanding and newer modalities of treatment. Indian |. Plast. Surg.
2015, 48, 4-16. [CrossRef]

Soriano-Ruiz, ].L.; Calpena-Campmany, A.C.; Silva-Abreu, M.; Halbout-Bellowa, L.; Bozal-de Febrer, N.; Rodriguez-Lagunas,
M.].; Clares-Naveros, B. Design and evaluation of a multifunctional thermosensitive poloxamer-chitosan-hyaluronic acid gel for
the treatment of skin burns. Int. J. Biol. Macromol. 2020, 142, 412—422. [CrossRef]

Loden, M. Biophysical properties of dry atopic and normal skin with special reference to effects of skin care products. Acta Derm.
Venereol. Suppl. (Stockh.) 1995, 192, 1-48. [CrossRef]

Chast, F; Bardin, C.; Sauvageon-Martre, H.; Callaert, S.; Chaumeil, J.C. Systemic morphine pharmacokinetics after ocular
administration. J. Pharm. Sci. 1991, 80, 911-917. [CrossRef] [PubMed]

Avdeef, A.; Barrett, D.A.; Shaw, PN.; Knaggs, R.D.; Davis, S.S. Octanol-, chloroform-, and propylene glycol dipelargonat-water
partitioning of morphine-6-glucuronide and other related opiates. J. Med. Chem. 1996, 39, 4377-4381. [CrossRef] [PubMed]


http://doi.org/10.2147/JPR.S9492
http://www.ncbi.nlm.nih.gov/pubmed/21386951
http://doi.org/10.1016/j.pain.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23778297
http://doi.org/10.1016/j.coph.2008.12.009
http://doi.org/10.4103/0970-0358.155260
http://doi.org/10.1016/j.ijbiomac.2019.09.113
http://doi.org/10.2340/00015555192148
http://doi.org/10.1002/jps.2600801002
http://www.ncbi.nlm.nih.gov/pubmed/1783997
http://doi.org/10.1021/jm960073m
http://www.ncbi.nlm.nih.gov/pubmed/8893832

	Introduction 
	Materials and Methods 
	BIOiSIM Model Expansion 
	Intra-Skin Permeability Prediction 
	Calculation of Intra-Skin Concentration 

	Test Dataset and Data Curation 
	Subjects 
	Statistical Analysis 

	Results 
	Simulation Accuracy 
	Predicted Skin Model Parameters 
	Simulation of Disposition in Patients with Lesions 

	Discussion 
	Conclusions 
	References

