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Abstract

Cutaneous drug concentration quantification after topical application remains an active, yet challenging
research area for topical drug development. Macroscale approaches quantify cutaneous pharmacokinetics 30
minutes to hours after application and miss rapid temporal and spatial dynamics, vital to comprehending
drug disposition. We have developed a 3D-printed applicator coupled with an inverted microscope and a
rapidly-tunable fiber optic laser to quantify active pharmaceutical ingredients via sparse spectral sampling
stimulated Raman scattering. The 3D-printed applicator is cost-effective (< $0.70/applicator) and utilizes a
small formulation volume (20 pL). Ruxolitinib was formulated in two known permeation enhancers
(propylene glycol and diethylene glycol monoethyl ether) that are known to display different permeation profiles to
validate device capabilities. Results indicated that the applicator enabled relative-concentration monitoring
immediately following drug product application. This approach has significant potential for investigating
novel excipients, active pharmaceutical ingredients, and formulations to understand the permeation and
biodistribution of these compounds.

Keywords: Topical drug delivery, Active pharmaceutical ingredient, Stimulated Raman scattering, 3D printing,
Cutaneous pharmacokinetics
1. Introduction

In topical drug product development, an under-explored research area is how active pharmaceutical
ingredients (APIs) penetrate the stratum corneum (SC) and permeate deeper into the skin. The API
concentration changes over time are referred to as the pharmacokinetics (PK), which is correlated with
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the in vivo effect (i.e., pharmacodynamics). Systemically delivered drug products have well-defined PK
principles, which have been investigated for over 100 years and include linear/nonlinear PK and saturation-
limited absorption/clearance; with more investigation, these might carry over to cutaneous PK (cPK). While
the thermodynamic activity might be the major driving force for API penetration through the SC [1, 2],
what occurs inside the skin still has more questions than answers.

As the SC is the major barrier to xenobiotic skin penetration [3], it is pertinent to understand SC
permeation to modulate API bioavailability. There are a multitude of methods to increase the API’s tissue
residence time and prolong the desired effect: the use of occlusive barriers, physical alterations to the skin
barrier, as well as chemical penetration modulating agents. For example, an occluded formulation after
application can provide a steady state API flux and thus higher local BA at the target site; however, this is
not always practical and is commonly used to promote transdermal drug delivery for systemic distribution.
Chemical penetration enhancers provide immense promise for APl delivery to the local site of action as
they can be incorporated into the formulation to increase both the APl amount and the residence time at
the site of action [4]. While the API residence time within various skin stratifications can be measured by
macroscale methodologies, the effect of penetration enhancers immediately upon application is important for
APIs intended for immediate local action or those in volatile formulations that have rapid skin permeation.

Two well-studied penetration enhancers are propylene glycol (PG; IUPAC name: propane-1,2-diol) and
Diethylene glycol monoethyl ether (DGME; IUPAC name: 2-(2-Ethoxyethoxy)ethanol, also known commercially
as Transcutol). These compounds are believed to enhance permeation by altering the solubility of APIs inside the
skin and thereby increasing their partitioning while additional proposed mechanisms involve disturbance of the lipid
bilayers [5]. As co-solvents, PG and DGME are known to enter the tissue and drive the APl permeation as they
diffuse into the skin ([6-8]); however, the impact on API dispasition (distribution, metabolism, elimination) and,
thereby, the pharmacological effects [9] is still not well understood.

Quantitative data are required to understand and model API penetration through the SC and permeation
deeper into the skin. Unlike for systemically delivered therapeutics, blood concentrations do not accurately
represent the API available at, or near, the site of action following topical application[10]. Fortunately, there
has been a sizeable regulatory push to reduce the burden of topical drug product development and widen drug
access to patients by validating surrogate cutaneous-based methods to assess topical bioavailability (BA) and
bioequivalence (BE) [11-14]. One widely accepted approach is in vitro permeation testing (IVPT), which
monitors API permeation through the skin over time [15]. In addition, there are also numerous modalities
for in vivo or in situ estimation of cPK currently under investigation, including tape-stripping [14, 16],
dermal microdialysis (dMD) [17, 18], dermal open flow microperfusion (dOFM) [19, 20], mass-spec imaging
[21, 22], or the combination of these approaches [23], which can be quantified via LC-MS/MS. However, the
aforementioned technigues quantify macro scale API concentrations, and while immensely beneficial
compared to biood guantification to inform about target-site concentrations, there are drawbacks to each of
these approaches. Some current methods are destructive, meaning they only can measure APl concentration
at a single time point for each site. Those techniques that allow for multi-time point measurements are
relatively slow and miss API diffusion dynamics within the first 15-30 minutes of application; a clinically
relevant time scale is needed to measure and understand epidermal skin permeation immediately after topical
application. This is pertinent when using chemical permeation enhancers, where macroscale techniques may
not have the time resolution to explain rapid (< 5 minute) changes in cPK. Finally, these methods may miss
cPK heterogeneity[24-26]. Therefore, it would be beneficial to utilize an approach that can quantify APIls
at the cellular level immediately following topical API application to track APl permeation and localization
throughout the skin stratifications.

An ideal approach would enable the cutaneous delivery of an APl and be coupled to an imaging approach
capable of microscale API quantification. One such delivery system that can monitor rapid changes on a
small scale is microfluidic devices. Microfluidic devices have been used in drug research for screening,
detection, metabolism, and evaluation of toxicity [27, 28]. However, studies using microfluidic devices for
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cPK on ex vivo skin samples are sparse. There are several devices utilized to hold a skin sample for imaging
in pharmaceutical research. Still, they have no drug inlet and cannot be coupled to methods for API tracking
immediately after application [29, 30].

3D printing offers a route to create precision, custom delivery devices for cPK studies. 3D printing,
also known as additive manufacturing, is capable of fabricating complex geometries, has the ability of
rapid prototyping, and is time- and cost-efficient for customized design [31]. 3D printers in pharmaceutical
applications are often based on vat polymerization, powder bed fusion, material extrusion, material jetting,
or direct energy deposition. In particular, vat polymerization 3D printers are preferable for microfluidic
designs as they can achieve high resolution in printing precise structures [32]. Importantly, the 3D-printed
device can also be coupled with optical imaging devices to allow cellular-level resolution of formulation
permeation at the time of application.

Raman-based approaches offer significant capabilities for measuring and quantifying APIs in skin [33-37].
However, the long acquisition times of spontaneous Raman often limit its capabilities for skin imaging and
may compromise its temporal resolution. Fluorescence methods are only appropriate for the handful of
naturally occurring fluorescent APIs, and the interference from endogenous fluorescent skin constituents poses
significant challenges [38, 39].

Coherent Raman scatting imaging (CRI) is a chemically-selective, non-invasive optical imaging approach
that can be utilized in bench-top and clinical settings and enables image acquisition with high temporal and
spatial resolution for cPK quantification [40]. In CRI, the wavelengths of pulsed laser beams are adjusted
such that their energy difference matches a molecular vibration of interest to allow for direct imaging and
quantification of chemical species, including APIs. The two major CRI techniques are coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman scattering (SRS) [41-43]. SRS is capable of specifically
quantifying APIs, due to its linear intensity relationship with concentration and the subcellular details of
skin tissue structure to measure APl permeation into specific skin cells and compartments [25, 44].

Previously, CRI investigations have been fimited to molecules that either contained endogenous vibrational
bands in the so-called Raman silent region (~2000-2300 cm™) or were “Raman labeled” to create such
vibrations, e.g. via carbon-deuterium bonds. The silent region is a large span of vibrational energies over
which there are few, if any, naturally arising biological vibrational bands, making API quantification
relatively straightforward without the presence of background or interfering vibrations. Recently, SRS was
utilized to quantify ruxolitinib from two different formulations within fresh nude mouse ear skin [25] by
targeting the nitrile vibrational band. In principle, it is possible to quantify APIs via the collection of
vibrational bands comprising their entire Raman spectrum. In the past, hyperspectral SRS methods were
either too slow or too limiting in tuning range to capture accurate time-resolved images of API penetration
within the skin. In addition, cutaneously delivered APIs are often within complex formulations, making it
essential to measure the cPK of APIs and their formulation components to investigate how solvent systems
influence APIs skin biodistribution [35, 45, 46].

Recently, Pence et al, developed an improved SRS method (termed sparse spectral samplings stimulated
Raman scattering; S*RS) capable of simultaneously quantifying the permeation of APIs and excipients over
time in an automated fashion [47]. This approach allows for the rapid, specific tuning to vibrational bands
across the entire Raman spectrum, including the fingerprint, silent, and high wavenumber regions. By tuning
into specific molecular vibrations of the APIs, excipients, and skin, the cPK of the API and excipients could
be simultaneously and independently measured and co-registered with the skin’s cellular structure. The
recently developed S*RS methodology is a significant improvement for API quantification at the time of
application, which has not been investigated to date. While only a proof of concept, this set the stage to
investigate API permeation from complex formulations and whether inactive ingredients may influence the
biodistribution of APIs.

The goals of this study were to 1) develop a 3D printed microfluidic device coupled to SRS imaging that
would allow for concentration quantification at the time of API application and 2) validate the 3D printed

4



Journal Pre-proof

device with two commonly used permeation enhancers (PG and DGME) using the S*RS methodology.
Ruxolitinib (Rux), a selective Janus kinase (JAK) inhibitor being investigated for its use in treating skin
inflammation, was used as the model API [48]. This compound contains a nitrile functional group, which
enables CRI by targeting the vibrational frequency (~ 2,250 cm™) of the Raman spectrum devoid of chemical
interference from the skin. The development of this device can support a new regime of studies into drug
penetration and topical formulation efficacy from the time of application.

2. Materials and Methods

2.1. Materials

Ruxolitinib (Rux) was provided by LEO Pharma (Ballerup, Denmark). 1,2-Propanediol (Propylene
Glycol - PG) and Diethylene glycol monoethyl ether (DGME) were obtained from Sigma-Aldrich (Saint
Louis, MO, USA). Standard clear resin was purchased from Formlabs (Somerville, MA), 25 mm diameter
size 0 coverslips were purchased from Chemglass (Vineland, NJ), and UV curable optical glue (Loctite
AA3321) was purchased from Henkel Loctite (Rock Hill, CT). A 25 pL syringe was used to deliver the
formulation (Hamilton Syringes, Reno, NV).

2.2. General Applicator Design and Construction

The applicators were designed to minimize the formulation volume required to flow under the tissue
sample. These applicators mate to standard luer press-fit syringes for easy application and volumetric
control of the formulation delivered into the system. The outer walls mate to microscope incubation chambers
allowing for extended time course measurements to be performed and eliminating device movement in the X,
Y, and Z directions. The tissue rests on two spacers with a thickness of 100 pum to allow the formulation to
flow under the tissue and contact the epidermis. These two spacers reduce the formulation volume required
to fill the imaging field of view and control the formulation flow.

Applicators were built in-house using a Formlabs 3B SLA printing system with the standard clear photo-
polymer resin. Printing conditions include an accuracy of 25 um layer height with full raft supports. Print
orientation was configured, so applicator channels are perpendicular to the build plate. Printed structures
were then washed twice in 100% isopropyl alcohol (IPA). The support material was removed, and structures
were sanded to remove any leftover support material or defects. A visual check was performed to ensure that
the coverslip was completely flush with spacer planes and then UV cross-linked to the applicator bottom
plane utilizing 302 nm light and maximum power settings (999,999 pJ/cm?) for three cycles.

2.3. Sample Preparation

Rux, the API, was dissolved in each pure inactive ingredient (100 mM) (i.e., PG and DGME) [25] in
2 mL polypropylene tubes and wrapped in aluminum foil to protect from light (hereinafter referred to as
formulations). Each formulation was sonicated for 10 minutes and stored at room temperature (25 °C) and
used within two weeks of preparation. In addition to the formulations, a standard with 61 mg/g of Rux was
used in each experiment to monitor the signal variance due to changes in the optical features of the skin
tissues and the power variance of the optical system.

2.4. Tissue preparation

Nude mouse ear skin was collected following euthanasia under an institutionally approved tissue collection
protocol. The ears from nude nu/nu albino mice were harvested and washed in sterile PBS buffer, then frozen
at -20°C; the full tissue preparation protocol can be found in [44]. One hour before the experiment, the
nude mouse ear was placed in an incubation chamber at 32°C). The nude mouse ear was removed from the
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incubation chamber (Tokai Hit Co., Ltd, Shizuoka-ken, Japan) and placed on a 3D-printed applicator, so
the skin was flat against the spacers. Then the applicator was placed back into the single dish insert within
the incubation chamber.

2.5. SRS measurements

The S*RS methodology coupled with an inverted microscope was used to collect the SRS image volumes.
The automated laser/microscope configuration can rapidly switch to different wavenumbers in less than 5
ms [47], allowing for rapid, sparse, hyperspectral imaging of distinct chemical species. The targeted Raman
wavenumbers were defined a priori by independently collecting SRS spectra of the drug, solvents, and skin.
The Raman shift was first set to 2,870 cm™, to target the CH, stretching vibrational mode, imaging the
skin’s microscale lipid structure. Next, the Raman shift was automatically toggled to 2,250 cm™ to target
the nitrile stretch of Rux. Imaging was performed using a 20x0.8 NA microscope objective (UPLXAPO20X,
Olympus, Tokyo, Japan). Images of 1024 pixels x 1024 pixels were acquired with a pixel dwell time of 2 ps
and 3 Kalman averages per line.

During imaging, the applicator holding the sample was placed in a stage-top incubator (Tokai Hit,
Shizuoka-ken, Japan) to maintain the sample temperature (32 °C). Imaging was started immediately after
delivering the API formulation (20 pL) via a 25 pL syringe through the applicator’s luer lock. In each
experiment, there were two regions of interest (ROI). One ROI was at the ear placed on the applicator
against the spacers, where XYZ volumetric images were acquired with the Z depths of 0-60 pm starting
at the stratum corneum and encompassed the sebaceous glands (SG), and adipocytes (AD), as previously
demonstrated [25, 41]. In the other ROI, XYZ volumetric images with the Z depths of 0-50 um were acquired
with the starting position set to the top surface of the standard Rux sample. Based on the time required to
carry out sequential volumetric imaging of ROIls, the temporal resolution was approximately 4 minutes. The
volumetric images at both ROIs were imaged at 2,250 cm™ followed by imaging at 2,870 cm™, which
repeated for 2 hours in total.

2.6. Data Processing

The volumetric images of the Rux standard sample collected at 2,250 cm™ were processed using the
following workflow. For one image volume per specific time point, the SRS intensities of each image were
compared. The image with the maximum SRS intensity, indicating the optimal depth of focus for the
standard sample, was extracted, and the SRS intensity was recorded. This process was repeated for image
volumes of the standard sample at all subsequent time points. The obtained SRS intensity-time profile of
the standard sample tracked the system performance independent of the API’s skin permeation.

A previous methodology was used to process the volumetric images of the ROl with the ear exposed to
the API formulation. [25, 47] The two general steps were to 1) implement image segmentation based on the
skin’s microscale lipid structure and 2) calculate API concentration-time profiles in lipid-rich and lipid-poor
regions. At a time point, the one XYZ image volume collected at 2,870 cm™ was used to find the skin’s
microscale lipid structure. SRS images at the stratum corneum (SC), sebaceous glands (SG), and adipocytes
(AD) were extracted, as previously described [25, 41, 44]. Next, the matched timepoint XYZ image volumes
at 2,250 cm™ and 2,870 cm™ were processed. The Rux images (2,250 cm™) at the corresponding Z-depths
of SC, SG, and AD were extracted. The total and segmented (i.e. lipid-rich and lipid-poor) intensities were
quantified as previously described [25, 44]. The obtained ’total uptake time profile”, ”’lipid-rich area uptake
time profile”, and “lipid-poor area uptake time profile” were then divided by the SRS intensity-time profile
of the standard Rux sample at the corresponding timepoint, which corrected the signal variance unrelated
to the API’s permeation through the skin.

2.7. Data and Statistical Analysis

Noncompartmental analysis (NCA) was completed in an automated fashion in R using the library
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NonCompart [49] for both lipid-rich and lipid-poor regions. Typical PK parameters were utilized to
compare the relative exposure from both formulations: Area under the flux curve (AUCy,y), maximum
flux (Jmax), and time at maximum flux (tnax). Statistical comparison of PK parameters was conducted on
the natural logarithm-transformed data. t,.« values were compared using a Wilcoxon Rank Sum test.
Significance was determined to be statistically different when p < 0.05.

3. Results and Discussion

Determining cPK after the topical application of drug products is an expanding research area. The recent
application of cutaneous-based approaches to assess local bioavailability (namely IVPT, dMD, and dOFM)
has led to significant progress in the field. However, these techniques miss microscale changes, which may
be important for the target-site activity and, thus, therapeutic success. Previous methods of CRI for cPK
have been limited in their ability to capture early dynamics following topical application of formulations due
to the experimental complexity (i.e., the time between formulation application and the start of imaging).
To overcome this challenge, this work sought to develop and test a new formulation applicator to directly
visualize and quantify early time points of cPK.

3.1. Preliminary Applicator Design

Figure 1: The first iteration of drug applicator prototype. Challenges with tissue and device movement required further
improvement

Developing a low-cost applicator that could be integrated into an SRS setup was challenging. The first
prototype (Figure 1) attempted to deliver the formulation through polypropylene tubing into the optically
clear glass on the inverted microscope so that the formulation was in contact with the skin. Using this
design, images could be collected at the time of drug application. However, the spacer height to hold the
sample was large (1.25 mm), which required a large formulation volume. In addition, the spacer height led
to tissue movement during API delivery, which caused significant challenges in tracking the skin tissue and
the permeation of the API within the skin.

A second iteration (Figure 2A) reduced the spacer height to 250 um to better hold the skin sample. In
addition, the design consumed fewer printing materials and required a shorter printing time. Iterations No.1
and No.2 used a syringe to deliver the formulation through the polypropylene tubing (Figure 2B). This led
to a relatively large “dead space” within the tubing as the tubes were several millimeters long. While the
overall tissue movement was lower in the second design, injection of the formulation in the lateral direction
caused physical device movement in the axial direction, which drove the sample outside the microscope
focus. The challenges presented by the physical device movement and tissue movement also posed issues for
accurate cutaneous API concentration quantification.
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Figure 2: The second iteration of 3D applicator prototype. Physical device movement was reduced from the first
prototype, but the tissue movement on the Z-axis remained too large for imaging the tissue layers of interest.

As the first several prototypes fell short due to their physical device movement, tissue movement after
the formulation was applied, and the high formulation volume requirement, the first challenge was to address
the physical device movement, to allow accurate imaging. The easiest solution to remove any physical device
movement was to design the applicator to fit directly into the microscope dish holder, as seen in Iteration
No.3 (Figure 3).

Once the physical device movement had been solved, the next challenge was the reduction in tissue
movement. While the movement of 100 pm does not necessarily seem large, image volumes acquired here
are 60 um thick - smaller than the total axial drift observed in earlier designs. Though it is, in principle,
possible to address this by scanning over larger axial distances at high Z-axis resolution, this requires a
longer time, leading to a reduced temporal resolution ‘in cPK measurements. It may not be possible to
eliminate tissue movement completely, but this work was able to reduce axial drift to a low enough value
that volumetric imaging and Z-tracking could follow the same stratifications over time.

Furthermore, the 100 pL volume may not be large, yet is quite large when considered in the context of
drug development [50]. In new drug development, thousands of molecules are discovered, but ultimately
only a few reach an Investigational New Drug Application submission for regulatory approval [51]. Even in
the generic drug development space, developing a new topical semi-solid formulation requires a quality-by-
design approach that can still be costly. [12, 52]. In this way, utilizing several mg of compounds can be a
costly and time-consuming prospect for many companies. By reducing the required volume several-fold, the
development of this applicator device allows for minimal use of formulation in direct microscale PK imaging
studies.

Figure 3: The progress of prototype development. A) The third iteration B) The fourth iteration C) The fifth iteration
D) The sixth iteration.

Building upon these findings and desired qualities, further iterations had two main goals: 1) reduce
the formulation volume required to reach the tissue and 2) reduce tissue movement for accurate imaging.
Figure 3 displays the design iterations before arriving at our final applicator prototype. The details of each
subsequent iteration of applicators are summarized in Table 1. Iteration No.3 removed the channels for
polypropylene tubes and added sample inlets that fit a precision syringe. This design allowed the out-of-
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plane injection of the formulation to eliminate lateral or vertical physical device movement. However, there
was no channel guiding the formulation after injection, so the formulation could not uniformly spread out
beneath the sample. In the next iteration (No.4), channels were added in the design to guide formulation
flow after injection, yet due to the two branches of channels in Iteration No.4, the formulation volume to
each branch was not consistent. Iteration No.5 kept one channel and displayed an improved ability to spread
the formulation beneath the sample consistently. However, the design required a large formulation volume
(> 100 pL), and significant axial direction tissue movement. In iteration No.6, the spacer height to hold the
sample was further reduced to 100 um, which decreased the required formulation volume (60 pL).

3.2. Drug applicator

The 7th generation applicator device (Figure 4) was designed to allow for the delivery of an API
formulation in a controlled manner while using an inverted microscope for coherent Raman imaging
studies with minimal formulation volume and tissue motion. In addition, using the inverted microscope
eliminated the potential challenge of obtaining flat fields of view to quantify skin structures and API
concentrations. However, an inverted geometry does result in occluded topical administration, which can
drive API permeation. Occluded and unoccluded drug delivery can have a marked impact on the rate
and extent of drug delivery into the skin [53, 54]. Future investigations may use an upright microscope or
alternative means of supporting skin samples.

The success of this device relies on the flowability of the formulation and the ease of manufacture of
the 3D-printed device. As shown in Table 1, the ability to deliver a small formulation solution volume (20
pL) is a stark improvement from previous designs that required greater than 100 puL. This improvement is
due to the small spacer height to hold the sample and the removal of tubing channels. In addition, this
iteration has the smallest observed drift of the tissue sample in the Z-axis among all iterations (<35 pm).
The formulation channel used a teeth-like structure to hold the skin at a constant height and allow the drug
uniformly spread out beneath the sample. The 3D-printed applicator is cost-effective and has a relatively
fast manufacturing time as a batch requires around 2 hours per applicator, which is much shorter compared
to printing a single applicator one time. Thus, it is advantageous to print in batches due to the gain in
printing time efficiency.

Table 1: Iterations of the microfluidic drug applicator. It can be seen that printing one applicator is quite time-consuming;
however, printing a batch of microfluidic devices is the most time effective once a final design has been achieved.

Iteration Max Dri_ft on Volume [Height of the Printing Time of Printing Time

No. thg Z-axis in 30|of Drug |Spacer to Hold the|Cost ($) One Applicator per B'atch ©
mins (um) (uL) Sample (um) Applicators)

1 >100 >100 1250 041 6 h 2 min 14 h 24 min

2 >100 >100 350 0.19 5 h 20 min 9 h 25 min

3 >70 >100 500 0.60 8 h 35 min 16 h 51 min

4 40 >100 250 0.84 11 h 53 min 25 h 5 min

5 65 >100 250 0.63 9 h 28 min 16 h 50 min

6 - 60 100 0.70 9 h 39 min 17 h 59 min

7 <35 20 100 0.66 10 h 36 min 18 h 25 min
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Figure 4: Optimized microfluidic drug delivery applicator (seventh iteration). The drug formulation is delivered
through the luer lock tip using a microsyringe, and the tissue lays flat on the spacers to allow imaging to take place on an
inverted microscope coupled with S*RS.

In Supplementary Movie S1, it can be seen that the formulation flows down the luer tip opening and then
appears to reach the tissue-slide interface. After several more seconds, the formulation flows into the cavity
between the spacers and makes contact with the tissue. The red appearance of the formulation, in this case,
is due to the added food coloring that was optically clear and did not interfere with the CRI measurements
of Rux.

3.3. Pharmacokinetic Analysis

The two formulations utilized are model vehicles to display the 3D printed device capabilities. PG
is a known penetration enhancer that facilitates increased API, and rapid permeation compared to naive
formulations [55, 56]. DGME is a known slow permeation enhancer [57] that is believed to promote API
permeation due to its ability to increase drug partitioning into the stratum corneum. The PK experiments
carried out here indeed indicated that Rux in PG permeated more quickly than the Rux in DGME across
the skin stratifications (Figure 5).

In Figure 5A, the microscale lipid structures of the nude mouse ear skin can be observed in SRS
images collected at 2,870 cm™. A machine-learning-based segmentation approach was used to
automatically recognize lipid-rich from lipid-poor skin regions using the SRS contrast obtained at the
CH, symmetric stretching vibration  [25]. As shown in Figure 5B, immediately following the time of
formulation application. The confidence intervals of each data point are listed in Table S1-S3 in the supplementary
information. The t,., of the formulation with PG was observed to be earlier than that of the DGME
formulation (Figure 5C). While not statistically significant in this study, the tn.« values of the two
formulations show a trend toward difference at the SC and SG layers. The Jy.x and the AUC of the two
formulations were alsoc compared (Figure 5D-E). The permeation from PG was found to be rapid. At the
same time, there is a prolonged release of Rux from DGME, which aligns with previously demonstrated
findings where it was demonstrated that DGME promoted cutaneous delivery of Rux over the entire
experimental duration (1-hr) [25]. Indeed, if the experimental duration were extended to two hours as in
this study, it would be expected that DGME would provide slow, prolonged drug delivery - as in Figure
5B.
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Figure 5: (A) SRS images showing the microscale lipid structures at different layers of the frozen nude mouse ear skin.
Layers of the skin SC: stratum corneum, SG: layer containing the sebaceous glands, AD: layer containing the adipocytes.
(B) Rux concentration-time profiles of the two formulations measured using the microfluidic drug delivery applicator. The
data presented is the total API uptake (mean uptake of replicates on three ears). (C) Comparison of the tmax values for
the layers of the two formulations. (D) Comparison of the Jmax values for the layers of the two formulations. (E)
Comparison of the AUC values for the layers of the two formulations. The results were replicates on three ears (n = 3) for each
formulation.
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The concentration-time profile in lipid-rich and lipid-poor regions are shown in Figure 6. While it can
be seen that the profiles from the two formulations appear to differentiate in Figure 5 for t,,, at the SC
layer and SG layer, in the lipid-rich regions, they are similar.

When comparing the total relative concentration profiles presented in Figure 5 in the SC and the lipid-rich
concentration-time profiles presented in Figure 6, it can be seen that there are t,,, differences. These data
suggest that the rapid uptake, and thus t.,. differences, may arise from the lipid-poor regions within the SC
(i.e., through the corneocytes for the PG formulation. While the PG appears to promote rapid permeation
(i.e., tmax) overall, there is no difference between the maximum concentration (Jmax) Or exposure (AUC).
This supports the claim, as previously suggested that PG is a rapid permeation enhancer while DGME
can provide extended exposure. This is pertinent information when developing formulations and opens the
possibility for future studies examining the effects and mechanisms of specific APIs, dose and exposure-
dependent API and formulation effects, and potentially PK/PD relationships [45, 58]. If the goal is to
provide immediate relief, this study suggests that formulations should utilize PG compared to DGME.
However, if the goal is to have extended relief that does not require rapid onset, this study suggests DGME
as a major excipient. Of course, topical drug products are not single solvent systems, but this approach may
help design more complex drug products that are fit for purpose. While the work presented here compares the
relative spatial and temporal APl concentration changes, future work includes the absolute quantification of API
concentrations to compare against industry gold standards, such as HPLC-UV or LC-MS/MS to further improve the
applicability of this work.
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Figure 6: (A)Rux lipid-rich area and lipid-poor area concentration-time profiles measured using the microfluidic drug delivery
applicator using frozen mouse ears. Layers of the skin SC: stratum corneum, SG: layer containing the sebaceous
glands, AD: layer containing the adipocytes. The data presented is the uptake of APl (mean uptake of replicates on three ears).
(B) Comparison of the extracted tmax values, (C)Jmax values, and (D)AUC values for the layers of the lipid-rich area and lipid-
poor area of the two formulations. The results were replicates on three ears (n = 3) for each formulation.

There are some limitations on the current applicator design, which could be overcome in future work to widen
its application. First, the current applicator only works for low-viscosity topical drug formulation, such as solutions
and lotions. To improve this, the luer tip opening connected to the channel beneath the skin should be widened for
more viscous formulations, such as gels and creams. A different design would enable the application of high-
viscosity formulations, such as ointments. Second, the current design achieves < 35 um drift on the Z-axis over the
course of 30 mins. In this current study, frequent lipid images (one drug image volume followed by a lipid image
volume) were also used to confirm the layer focused on. Pausing imaging and re-focusing were manually carried out
if the layers of interest were out of the imaging range. An alternative way is to artificially scan over a larger axial
range to ensure that the volume of interest remains in focus throughout the experimental time course. This leads to a
somewhat restricted temporal resolution. Further improvements to the application design to reduce this remaining
drift would enable less manual operation and better temporal resolution for measurements.

One of the primary goals of this device was to capture the concentrations immediately following the
time of application, and many methods used today for PK studies have long, 20-30 minute gaps at the
start of the study. This time gap is critical as APIs can rapidly permeate fresh skin, which currently goes
uncharacterized. Even in previous CRI-based research [25], there was approximately an eight-minute gap
between the initial formulation application and the beginning of imaging, due to the need for application,
the skin sample positioning, and microscope setup. It is worth noting that most of the topical industry
utilizes frozen skin, and there is still debate regarding how well-frozen skin accurately recapitulates fresh
skin [59, 60]. If the only available tissue source is frozen skin, it would be prudent to have a device like
that developed here that can deliver the formulation and quantify the drug instantaneously after application
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with the necessary temporal and spatial resolution.

In addition to screening APIs, this 3D-printed device could be used to screen novel excipients. As
demonstrated in this report, PG provides rapid permeation for Rux, and while this might not always be
the case due to excipient-API interactions, novel excipients can be compared head-to-head with known
penetration enhancers to understand exposure improvements. This microfluidic device only requires 20
pL of formulation, which could be utilized as an early screening tool to eliminate molecules that do not
provide the desired exposure margins (brand drug development) or the desired flux profiles (generic drug
development).

4. Conclusions

The 3D printed microfluidic application developed here allowed instantaneous time-point quantification
of APIs and formulations in the skin using coherent Raman imaging. As this is a proof-of-concept study,
further investigation into topical drug application for CRI imaging is now attainable. The combination of
this device and S*RS microscopy will also allow the tracking of the APl and inactive ingredients at early
time points, providing insight into whether inactive ingredients influence APl permeation pathways and
biodistribution.
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