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Abstract

We report 3D-bioprinted skin-mimicking phantoms with skin colors ranging across the Fitzpatrick
scale. These tools can help understand the impact of skin phototypes on biomedical optics.
Synthetic melanin nanoparticles of different sizes (70-500 nm) and clusters were fabricated to
mimic the optical behavior of melanosome. The absorption coefficient and reduced scattering
coefficient of the phantoms are comparable to real human skin. We further validated the melanin
content and distribution in the phantoms versus real human skins via photoacoustic (PA) imaging.
The PA signal of the phantom could be improved by (i) increasing melanin size (3-450-fold),

(ii) increasing clustering (2-10.5-fold), and (iii) increasing concentration (1.3-8-fold). We then
used multiple biomedical optics tools (e.g., PA, fluorescence imaging and photothermal therapy)
to understand the impact of skin tone on these modalities. These well-defined 3D-bioprinted
phantoms may have value in translating biomedical optics and reducing racial bias.
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The authors report skin-mimicking phantoms with different Fitzpatrick scale values to understand
the impact of skin phototypes on biomedical optics. The absorption and scattering coefficients

of the skin phantoms were similar to real human skin. This approach may have value in
understanding differences in the performance of biomedical optics as a function of skin tone.

Keywords
3D-bioprinting; bioinspired materials; artificial skin; biophotonic devices

Introduction

Human skin offers important physical and immunological protection. It protects against
injury, shields radiation, and offers antioxidant defense.12 Skin consists of a lamellar
structure with diverse cell types (e.g., immune cells, melanocytes, and basal cells) that
periodically detach from the basement membrane, move to the surface, and die for self-
renewal.2 Melanocytes are a critical cell type that generate melanin to absorb ultraviolet
(UV) light (290-400 nm), which is a major risk for skin diseases (e.g., melanoma) due to
DNA damage.*~’ Here, melanin-containing organelles called melanosomes are transferred
to the surrounding keratinocytes. This increase in melanosome concentration leads to darker
skin phototypes, and darker phototypes can be a function of racial background or previous
sun exposure, /.e., tanning.8 Indeed, skin pigmentation depends on variations in the size,
number, clustering phase, and the proportions between melanin species (¢e.g., eumelanin and
pheomelanin).® Skin pigmentation has been quantified using melanosome volume fraction
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(M¢) parameter: 1.3-6.3% for lightly pigmented adults, 11-16% for moderately pigmented
adults, and 18-43% for darkly pigmented adults.10

Variations in skin phototypes can complicate biomedical optics. Melanin absorption
increases linearly from 800 to 600 nm and exponentially from 600 to 300 nm.11.12 Darker
skin phototypes can absorb and scatter more photons: As a result, incident light is attenuated
before it reaches the target of interest, and signal transmission can be impeded back to

the sensor. Therefore, variations in skin phototypes have negatively affected many forms of
medical optic technology including pulse oximetry,13:14 cerebral tissue oximeters,> optical
coherence tomography,16 wearable electronics,17~19 photoacoustic imaging,2° fluorescence
imaging,2! and photothermal therapy.22 One recent study compared 48,097 pairs of oxygen
saturation levels measured by pulse oximetry and arterial blood gas test obtained from
8,675 White patients and 1,326 Black patients.13 The results found that pulse oximetry

had trouble in diagnosing hypoxemia in 11% Black patients and 3% White patients due

to light absorption by melanin.13.14 Furthermore, wearable electronics (e.g., smartwatches)
have reported inaccuracies in heart rate readings occurring more often in users with dark
skin than light skin.17:18 Clearly, the impact of differences in skin phototypes underscore
the ongoing need to understand and correct racial bias in optical technologies. While larger
cohort studies are ideal to define and rectify such bias, tissue-mimicking phantoms that
recreate the optical properties of human skin as a function of skin phototypes could offer
dramatic time- and cost savings.23-24 These phantoms would be attractive to regulatory
agencies, device development firms, and patients.

Here, we engineered 3D-bioprinted phantoms with skin phototypes containing synthetic
melanin with controllable particle sizes and clustering to mimic the epidermis of different
skin phototypes ranging from Fitzpatrick (Fitz) scale 1 to 6.23:25 The photoacoustic (PA)
signal of human skin changes as a function of melanin absorption:26:27 The light absorbed
by melanin is converted to spatially-confined heat that generates acoustic waves.28-30 This
implies that PA can indirectly measure melanosome content and distribution in human skin.
Fitz. 5 human cadaver skin showed 3.5-fold higher PA signal than Fitz. 2 human cadaver
skin due to higher melanosome content (Figure 1a and Figure S1).

To mimic variable melanosomes in human skin, we studied optical properties and PA
signal of synthetic melanin (/.e., polydopamine) over (i) different sizes (ii) mixtures of
different sized particles, and (iii) clustering phases which are biologically relevant to real
melanosomes.3! Gelatin methacrylate (GelMA)—biomacromolecule gelatin obtained from
denatured collagen—was used as a bio-ink (/.e., matrix).32 3D bioprinting was then used
to fabricate a customized GelMA-based phantom with a thin melanin-containing layer
(7.e., mimicking the epidermal layer in human skin) (Figure 1b). Finally, we quantitatively
examined the impact of skin phototypes on PA imaging, fluorescence imaging, and
photothermal imaging at different wavelengths (e.g., 680, 800, and 1064 nm) (Figure 1c).
Our skin-tone phantom built up by 3D bioprinting is expected to serve as a benchmark
calibration tool of light-mediated diagnostics toward clinical use and further underpin
development of biomedical optics.
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Results and discussion

Design of synthetic melanin.

Melanin biogenesis occurs through an oxidation process of tyrosine to dopaquinone by
tyrosinase.33 Melanosomes in human skin vary in terms of size (100 nm up to 500 nm),
shape (e.g., spherical or elliptical), and number of clusters (Figure 2a).931 Although the
overall structure of melanin remains unclear, the basic structural unit of melanin is a

mixed polymer predominantly containing indoles.33 Melanin from human skin or hair is
challenging to obtain because it requires harsh extraction conditions (e.g., strong acids or
bases) and multiple purification steps.34 Thus, polydopamine (PDA) was employed here
because of its similarity to real melanin in optical absorption, chemical composition, and
structure.32:36 Dopamine can be oxidized into dopamine quinone under basic conditions
and further self-polymerize into indole-rich PDA:37:38 This structure is widely considered
to be a synthetic melanin3® (Figure 2b). To mimic the variable sizes of melanosomes,

we synthesized spherical PDA nanoparticles with different diameters of 70, 120, 300, and
500 nm (referred to as PDA7q, PDA120, PDAzgg, and PDAsgqq, respectively) as confirmed
by transmission electron microscopy (TEM), scanning electron microscopy (SEM), and
multi-laser nanoparticle tracking analysis (M-NTA) (Figure 2c and Figure S2). The size was
adjusted by varying the amount of dopamine feed (2—-4 mg/ml) used for the reaction. The
particle size confirmed by M-NTA was consistent with dynamic light scattering (DLS) data,
showing that different-sized spherical PDA nanoparticles were uniform and monodispersed
(PDI: 0.15 + 0.02 (PDA7p), 0.08 + 0.01 (PDA150), 0.03 £ 0.01 (PDAgzqg), 0.1 £ 0.02
(PDAsq0)) (Figure 2d and Figure S3). The formation of PDA nanoparticles occurred under
basic condition (pH 12), which induced self-oxidization and polymerization (Figure 2e).
Fourier transform infrared spectra (FTIR) data confirmed peaks at 1,303, 1,510, and 1,602
cm™1 attributed to the C-N stretching of the indole ring, the C=N of the indole imine, and the
C=C of the benzene ring, respectively (Figure 2f).3°

The extinction coefficient of the synthetic melanin (/.e., PDA7p) increased from 820 to

300 nm similar to that of real melanin (Figure 2g and Table S1).4041 PDAg, showed
higher extinction than PDA15g at the same number (#/) of nanoparticle due to higher

light absorption (4, 97-fold), scattering (,us’y 86-fold), and larger absorption cross-sectional
area (18-fold). (Figure S4-5). These observations are consistent with Mie theory and the
literature.42-44 Accordingly, PA signal and spectra of PDAsgg at the same #/\/was higher
than that of PDA7q (450-fold), PDA15q (90-fold), and PDAgqq (3-fold), respectively, because
PA signal is a function of optical absorption (Figure 2h and Figure S6-7). In addition to the
light absorption, PA signal generation also depends on specific heat capacity, laser fluence,
and thermal expansion coefficient.> To further study the impact of particle size on PA
signal generation, we hold constant extinction values of different-sized PDAs at 680 nm
(Figure 2i). Although PDA 190 had 12.8-fold higher concentration than PDAgq at the same
extinction (Figure S8 and Movie S1-2), overall g’ of different-sized PDAs were similar at
680 nm likely due to the decreased light scattering from the size reduction (Figure S9 and
table S2).4244 Importantly, PDAsqp still showed higher PA signal and spectra than PDA7
(2.3-fold), PDA1,q (1.9-fold), and PDAgzq (1.5-fold), respectively at the same extinction of
0.3 at 680 nm (Figure 2i and Figure S7). This results indicate that PA signal generation
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also depends on size-dependent thermal expansion coefficient, and the specific heat capacity
(Cp) inwhich C,increases with decreasing in particle size due to higher thermal vibration
energy of surface atoms.*® In addition, a single PDAsqo nanoparticle has more surface

area to transmit heat to the environment than a single PDA1, nanoparticle. In summary,
PDAsqo generated higher PA signal than PDA1,q both at the same #/A/ (90-fold) and at

the same extinction (1.9-fold) due to the large optical absorption (Figure S4), absorption
cross-sectional area (Figure S5), surface area, and heat capacity.*>46

Cluster-dependent PA performance.

Melanosomes are individually distributed or form clusters in the human skin.3! To
investigate the function of clusters of melanosomes, various metal ions (Na*, Mg2*,

Fe2*, Ca?*) and other stimuli (NaOH, HCI, sugar, cysteine (Cys)) were applied to make
PDA clusters. Metal ions induce PDA clustering because the catechol group in PDA

can chelate metal ions, thus forming metal-phenolic networks (Figure $10).3747 The PA
signal increased as PDA nanoparticles were clustered as assessed by DLS and inductively
coupled plasma-mass-spectrometry (ICP-MS) (Figure 3a and Figure S11), and there was no
background PA signal from Ca2* only (Figure S12). The highest PA signal was observed

in Ca2* which caused significant PDA15o aggregation because of its strong binding affinity
among the tested metal ions (Figure 3a and Figure $13).48 Different Ca2* concentrations
(2-200 mM) were used to study the relationship between cluster size and PA signal. The
results showed that PDA clusters induced by 200 mM of Ca2* led to a 1.84-fold higher PA
signal than PDA clusters induced by 20 mM of Ca2*. There was no increase in PA signal at
low Ca%* concentrations (e.g., 2-5 mM) because this concentration could not induce PDA
clusters (Figure 3b). The formation of PDA clusters significantly decreased the extinction in
the range of 400-550 nm while the extinction was increased from 552 to 900 nm likely due
to the increased scattering by larger aggregates (Figure 3c and Figure S14).

We could disassemble PDA clusters via the strong chelating agent
ethylenediaminetetraacetic acid (EDTA). After adding EDTA, PDA clusters were entirely
disassembled due to the breakdown of metal coordination bonds (Figure S15). Collectively,
the metal chelation was a dominant driving force for PDA clusters.3” The PA signal of PDA
clusters can be activated and deactivated by repeatedly adding EDTA and Ca2* ions over
four cycles (Figure 3d and Figure S16). We explained this increase in PA signal of PDA
clusters through two reasons. First, the increased particle size by clustering could have a
larger absorption cross-sectional area than small individuals.3! The ~1 um PDA clusters
have 579-fold larger cross-sectional area than PDA19g. Second, PA signal is a function of
thermoelastic expansion that occurs when the surrounding medium is locally heated. The
aggregated nanoparticles could cause overlapping thermal fields that improve the rate of heat
transfer and amplify PA signal.28:49

Human skin involves different-sized melanosomes, and thus we also studied the PA signal of
PDA mixtures that contained both PDA3qg and PDA 1o at different ratios. The PDA mixture
containing 66% of PDA3gg and 33% of PDA1,( had 1.8-fold higher PA signal than the PDA
mixture containing 33% of PDAgzgg and 66% of PDA 15 (Figure 3e). In addition, the PA
signal of the PDA mixtures further increase by Ca2*-induced PDA clustering. Notably, PDA
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clusters formed by PDA15q exhibited significantly higher (10.5-fold) PA signal than PDA15
while the PDA clusters formed by PDAgzgg only increased 1.13-fold, thus indicating that this
aggregation-derived PA signal is affected by particle size. To understand the relationship
between particle size and aggregation, we used M-NTA to monitor aggregation of PDA
mixtures (Figure 3f and Figure S17). The results showed that PDA,o were more prone to
aggregate than PDAzgq because small nanoparticles have a higher surface area-to-volume
ratio, which implies a higher surface energy than the large particles (Figure $18).%0 This
explains why PDA 1, dramatically increased their size (from 120 nm to >1 um), thus
significantly increasing PA signal. In summary, our PA experiments revealed that the PA
signal of PDA can be improved by increasing (i) size (>90-fold: PDAsqq versus PDA120),
(ii) clustering (2-10.5-fold:10 mM versus 200 mM Ca2*), and (iii) concentration (1.3-8-
fold: 1 pg/ml versus 8 ug/ml of PDA mixtures).

To use these materials in a phantom, we used a GelMA-based scaffold which can provide
three dimensional supports with characteristics of the native extracellular matrix (Figure
S19). The average thicknesses of dermis and epidermis in human skin are 2.5 mm and

0.2 mm, respectively,>! and thus GelMA hydrogel with a thickness of 2.5 mm was first
printed to provide the baseline of the epidermis. A PDA-included hydrogel with a thickness
of 0.2 mm was then built on the top to mimic human skin phototypes (Movie S3). The
dimension (20 mm x 20 mm x 2.7 mm) of the printed sample was precisely adjustable using
3D-bioprinting. Finally, UV light (365 nm) was used to initiate radical polymerization and
form covalently crosslinked hydrogels (Figure 3g).

To study the function of PDA clusters when bio-printed, we next prepared three different
bio-inks containing clustered PDAs by using 0, 20, and 200 mM Ca%*. Each bio-ink had
the same total number of PDA;50 and PDA3qg. 3D-bioprinted PDA with 200 mM of Ca2*
showed 3-fold higher PA signal than PDA with 20 mM of Ca2*. There was significantly
(>10-fold) higher PA signal than PDA with 0 mM of Ca2* similar to the solution phase
data in Figure 3e. We also found that the number of PA peaks exponentially increased
corresponding to the number of induced PDA clusters: The printed samples with 0-, 20-,
and 200-mM of Ca?* showed 2, 11, and 85 of PA peak clusters, respectively (Figure 3h and
Figure S20). In contrast, all three printed samples had the same international commission
in illumination (CIE) coordinates of Fitz. 6 (/.e., skin phototype), thus indicating that skin
phototype is more correlated with the number of PDA nangparticles than the PDA clusters
(Figure 3i).

PA characterization of real and mimicked human skin.

Melanosomes have been intensively characterized and studied in dermatology.®:31:52

A recent study measured variable melanosome contents in the different human skin
phototypes. It showed that Fitz. 5 human skin contained more and larger melanin than

Fitz. 2 human skin; melanin clusters were more often found in Fitz. 2 skin (Figure $21).3!
To mimic the variable contents of melanosomes, we used PDA mixtures composed of PDA
clusters, PDA150, and PDAgqg. Both real and mimicked human skins had the same thickness
of epidermis (about 0.2 mm) and contained melanin with the same color scale (Figure 4a
and Figure S22). Different ratios of individual and clustered PDAs were mixed to understand
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the relationship between PDA contents versus variable skin phototypes. The results showed
that skin phototypes are predominantly dependent on the particle concentration (M) rather
than particle size or PDA clusters (Figure 4b and Figure S23). As PDA concentration
increases (from 1- to 8-fold), PA signal linearly increased from 1.3- to 8-fold, and the color
of skin phototype changed from Fitz. 1 to Fitz. 6. In addition, PDA129, PDA3q0, and PDA
clusters were arbitrarily distributed and maintained their spherical shapes in the epidermis of
printed skin phantom as confirmed by SEM (Figure 4c).

PA signal of our mimicked skins was matched to that of real human skins: Fitz. 5 skin

had 3.5-fold higher PA signal than Fitz. 2 skin in both real and mimicked samples (Figure
4d). Furthermore, the PA images of real and mimicked skins visualized melanin distribution,
indicating that both real and synthetic melanin were randomly distributed; strong PA signal
peaks were found where melanosomes were crowded and/or clustered (Figure 4e—f and
Figure S24). Real and mimicked skins showed a comparable PA spectrum from 680 nm to
970 nm (Figure 4g). The mimicked skin had stable PA signal for 5 min implying stable PDA
mixtures under the 680-nm laser illumination (Figure 4h). Ultrasound (US) images revealed
4 mm thickness of human skin composed of the epidermis, dermis, and hypodermis. A
strong PA signal was exclusively observed in the basal layer of epidermis where most
melanosomes were located (Figure 4i). Likewise, mimicked skins had comparable skin
thickness and strong PA signal generated from the epidermis. There was no decrease

in sample thickness and PA signal of Fitz. 2 and 5 skin phantoms for 7 days (Figure

S25). Finally, we inverted the Fitz. 2 and Fitz. 5 human skin samples to investigate tissue
scattering in the underlying fat tissue layers of the dermis. No PA signal was observed in the
epidermis of either human skin sample due to large light scattering in the dermis. The fat
tissue layers in the dermis have low absorption at 680 nm to generate PA signal (Figure 4j
and Figure S26).

Impact of skin phototype on biomedical optic modalities.

3D-bioprinted phantoms with skin phototypes from Fitz. 1 to 6 were successfully developed
by adjusting the PDA contents used for bio-inks: Fitz. 1, Fitz. 3, and Fitz. 5 contained a

Ms of 3%, 12%, and 20%, respectively (Figure S27). The phantom without skin prototype
was also fabricated as a negative control (referred to as Fitz. 0). Both the CIE color space
and a colorimeter were used to quantify our phantoms with different skin phototypes (Figure
S28 and Table S3). Titanium oxide (TiO,) was also used to mimic tissue scattering in

the dermis.>3 We then measured the energy attenuation from 680, 800, and 1064 nm

laser beams caused by the mimicked skin phototypes (Figure 5a). The results showed

that darker skin attenuated more laser energy (mJ) than lighter skin: Fitz. 1, 3, and 5

skin phantoms decreased 1, 3, and 6 mJ energy at 680 nm which is relevant to the
absorption peak of deoxyhemoglobin (660 nm).23 Moreover, the 680-nm laser attenuated
1.3- and 1.98-fold more energy than 800 nm and 1064 nm lasers, respectively, because of
higher light absorption and scattering of synthetic melanin. To further evaluate this, the
absorption coefficient (14;,) and the reduced scattering coefficient (1") of skin-tone phantoms
(Fitz. 1, 3, and 5) were characterized using the inverse adding double (IAD) manual

based on reflectance and transmittance measurements of samples in an integrating sphere
spectrophotometer (the detailed calculation is described in supplementary information).>4:5°
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Both the 44, and 1" of mimicked skin phototypes exponentially increased from 400-600 nm
and linearly in the 600-900 nm region: The y, of Fitz. 5 at 680 nm was 1.37-fold higher than
that at 800 nm (Figure 5b). More importantly, /4 (1.03 mm™1) and /" (4.34 mm™1) values

of our mimicked skins were comparable to that of real human skins (4, (0.72 = 0.29 mm™1)
and 1’ (4.89 + 1.15 mm™1) at 694 nm) (see Table S4).12:56 The 1, and 1 of 3D-bioprinted
phantoms were tunable by controlling the particle ratio between PDA3zp and PDA15g in the
epidermis. For example, the 4 of the Fitz. 1 skin phantom with 100% of PDAgzq showed a
1.1-fold higher than that of Fitz. 1 skin phantom with 100% PDA 1.

We next used these mimicked skin-tone phantoms to study the impact of skin phototypes

on biomedical optics technology including PA imaging, fluorescence imaging, and
photothermal therapy. For PA imaging, methylene blue (MB) and indocyanine green (ICG)
dyes were chosen as contrast agents to demonstrate the utility of the phantom at 680 nm and
800 nm, respectively. Here, MB and ICG dyes (100 uM to 25 mM) were linearly aligned in
the tubes and imaged under the Fitz. 1, 3, and 5 skin phantoms (Figure 5c and Figure S29).
The PA signal and spectra of the ICG dye was less compromised by skin phototypes versus
MB dye (Figure S30-31). Specifically, MB dye showed 14%, 55%, and 65% PA signal
attenuation with Fitz. 1, 3, and 5 skin. ICG showed a 10%, 37%, and 55% decrease in PA
signal at the same dye concentration (Figure 5d). Samples in the yellow dotted area in Figure
5c¢ were intentionally uncovered to show that there was no decrease in laser power and/or
photobleaching of the dye during the measurement. We further studied the imaging depth of
MB and ICG dye with the phantoms. The 5-mm-thick GelMA phantom including TiO, (0.5
mg/ml) was 3D-printed, and each sample was injected at heights 1 mm apart (Figure 5e and
Figure S32). The Fitz. 5 skin phantom has PA signal of MB dye that was attenuated by 44%,
97%, and 100% at depths of 1, 2, and 3 mm, respectively. The PA signal of the ICG dye was
decreased by 43%, 63%, and 85% of PA signals at the same depths (Figure 5f). These results
indicated that ICG dye had higher imaging depth due to its longer absorption wavelength
(800 nm). In this NIR region, melanin has lower light absorption and scattering. We further
designed a blood vessel scaffold to measure the PA signal of real human blood under
different skin phototypes to investigate the impact of imaging deoxyhemoglobin (Figure
S33). PA images showed that 33%, 52%, and 70% of PA signals decreased under the Fitz.

1, 3, and 5 skin phantoms. There was a yellow dotted area that remained uncovered. This
showed no decrease in laser power or sample degradation (Figure 5g).

Fluorescence could also be affected by melanin. Thus, cyanine5.5 (Cy5.5) and ICG dyes at
the same dye concentration (100 uM) were used to evaluate the impact of skin phototypes
on their corresponding excitation (/.e., 680 and 800 nm, respectively). Not surprisingly,
Cyb5.5 signal decreased by 32% and 69% under the Fitz. 3 and 5 phantoms, respectively;
the ICG dye only decreased by 6% and 53%, thus confirming the wavelength-dependent
fluorescence attenuation (Figure 5h). Photothermal therapy also often uses near-infrared
(NIR) light. Here, gold nanorods (GNRs) with two different aspect ratios (e.g., 3.3 and

7.3) were synthesized and had a longitudinal absorption peak at 800 nm and 1062 nm,
respectively (Figure S34). Two different NIR lasers (/.¢e., 808 and 1064 nm) were used to
irradiate GNRs at an O.D. (= 1) underneath different skin phantoms. A thermal camera was
used to record the temperature (Figure 5i). The results revealed that the temperature increase
facilitated by the GNRs decreased as a function of phototype: Fitz. 1 (8%), Fitz. 3 (14%),
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and Fitz. 5 (17%) versus Fitz. 0 when irradiated by the 808 nm laser. GNRs irradiated by
1064 nm exhibited relatively minor decreases in temperature: Fitz. 1 (4%), Fitz. 3 (7%),
and Fitz. 5 (8%). The 1064 nm (NIR-I1) laser was significantly less influenced by skin
phototypes.

Conclusions

Phantom-based testing is a powerful approach to evaluate the performance of various

optical devices and judge quality of medical imaging without risks to human. Skin-
mimicking acellular phantoms have been developed for biomedical optics.23:57-60 One
phantom used gelatin and synthetic melanin to make 0.1 mm-thick epidermal layer and
characterized tunable mechanical, optical and acoustic properties.>” However, this hydrogel-
based phantom is limited to control the thickness of each layer and needs vacuum sealed
container for storage. In other study, polydimethylsiloxane (PDMS) silicone and ground
coffee were used to make tissue-mimicking phantom.60 Although PDMS-based phantom
provides high stability and simplicity, ground coffee is limited to mimic optical absorption
of real human skin. To improve this, one recent study used synthetic melanin with PDMS
and showed high stability with comparable absorption values to real human skin.23 However,
synthetic melanin used in the previous studies?3:57:59.60 js a form of solid powder (/.e., small
molecule) which lacks of bio-relevant size and shape to real melanosomes. All the phantoms
used different powder concentrations to achieve different skin pigmentation levels which
could lose scattering component of real melanosomes. Furthermore, they have not validated
the impact of skin tones on biomedical imaging equipment.

Here we developed skin-mimicking phantoms with synthetic melanin (7.e., PDA) as a

tool to quantify the impact of skin phototypes on multiple biomedical optics (e.g., PA,
photothermal, and fluorescence imaging). To mimic optical properties of melanin, we
investigated the light absorption of spherical PDAs in different sizes, mixtures, and
clustering phases. Our skin phantoms are enabled by 3D bioprinting which provides precise
deposition of biomaterials, high controllability, good reproducibility, and low cost compared
to mold-based phantom fabrications.6 Human skin consists of multiple thin layers with
different thicknesses (0.1-5 mm) and materials, indicating that bioprinting could provide

a better platform to mimic the human skin.1-63 3D bioprinting also offers customized
phantom designs for testing various target of interests (e.g., imaging depth and blood
vessel) for medical imaging devices. GelMA-based scaffolds could serve as extracellular
matrix for cell growth, providing more opportunities for deciphering the role of melanin in
cell regeneration against UV-light as a future study.62:64 Our skin phantoms will provide
quantitative data of skin tone impact for other biomedical optics (e.g., pulse oximeter,
wearables) to deliver more accurate and objective assessments of the device performance.
Finally, our methods possibly motivate more phantom studies and will improve device
instrumentation and algorithms to correct for race-based bias in biomedical optics.
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Experimental Section

Synthesis of GelMA hydrogel

Briefly, gelatin from a porcine skin was fully dissolved in PBS (10% w/v) at 55 C°, and
then methacrylic anhydride (MA) was added dropwise (0.5 ml/min) until the target volume
reached.32 For the methacrylation reaction, the mixture was vigorously stirred at 1000 rpm
for 2 h. The solution was then centrifuged at 1000 g for 2 min to remove excess MA.
Supernatants were diluted five times with additional PBS to stop the reaction followed by
dialysis against distilled water (12—-14 kDa cut-off, refreshed water five times) for 5 days
at 40 C°. Unreacted MA and salts were further removed during the dialysis. The GelMA
hydrogel was placed at —80 C° overnight and lyophilized for 5 days, thus forming a porous
white foam. The product was stored at —80 C° for future use (Figure S35).

Synthesis of synthetic melanin

Briefly, 5 ml of distilled water and 2 ml of ethanol were mixed under vigorous stirring at
room temperature followed by addition of 500 L of fresh dopamine solution (40 mg/mL

in distilled water).3% Then, 100 pL of ammonium hydroxide solution was added to trigger
the polymerization. The color immediately changed from yellow to dark brown within 20
minutes. The solution was stirred at 900 rpm overnight. The size of the polydopamine could
be readily controlled by adjusting the amount of dopamine. For example, 500, 600, 700,
and 800 pL of dopamine solution forms polydopamine with sizes of 70, 120, 300, and 500,
respectively. The samples were purified with centrifugation at 14,000 g (for PDA7q), 7,000
g (for PDA12g), 2,000 g (for PDA3q0), and 1,000 g (for PDAgqg) for 10 min. The pellet was
redispersed in water for future use.

Bio-ink preparation and bio-printing procedure

Briefly, freeze-dried GelMA macromers were dissolved in PBS (10% w/v) at 50 C°

for 20 minfollowed by adding alginic acid (4% w/v) and photo-initiator (0.5% w/v).5
During bio-ink preparation, the sample was covered by aluminum foil (to prevent photo-
crosslink from the light) and gently mixed for 1 h. Synthetic melanin was added in GelMA
macromer before adding the photo-initiator. Different skin phototypes were readily tunable
by adjusting different amounts of synthetic melanin in GeIMA macromer. For example, 4,

8, 12, 16, 20, and 30 pL of PDA mixtures (0.01 mg/ml) that contain 20% of PDA clusters,
30% of PDA 12, and 50% of PDAg3qg were mixed with 1 mL of GelMA macromer to prepare
bio-inks for different skin phototypes from Fitz. 1 (4 L) to Fitz. 6 (30 pL). In addition,

the 10 — 100 pL of PDA mixtures were deposited on the interface between the epidermis
and the dermis to mimic basal layers (the innermost layer of the epidermis) where most of
melanin resides. The prepared bio-inks were then stored at 4 C° and warmed at 37 C° for 30
min before use. The 3D-bioprinting procedure was performed using an BioX 3D bioprinter
(CELLINKH+). Printing parameters (e.g., temperature, pressure, speed) influence the printing
quality and distribution of synthetic melanin. First, printing temperature was controlled at
room temperature (25 C°) where bio-ink maintains its gel-like viscosity. Second, printing
pressure is correlated with diameter of needle and printing speed. Notably, different-sized
needle (e.g., diameter, length) requires different printing pressure and speed. In this study,
gauge size and length of needle were 20 G and length 0.25 inch. Printing pressure was
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controlled at 20-70 kPa pressure. Otherwise, high pressure (>150 kPa) extruded bio-ink
irregularly. Lastly, printing speed was controlled at 1.5-2.5 mm/s. After bioprinting, 365 nm
of UV light with an intensity of 25 mW/cm?2 was used to trigger photo-crosslinking for 5
min. Specifically, good bioprinting quality could be achieved by careful selections of the
needle (e.g., gauge (20G)), printing speed (2 mm/s), pressure (25 kPa), temperature (25 C°)
as well as the rheology of the bio-ink. The printed skin phantoms were then stored in a petri
dish sealed with parafilm covered by aluminum foil for future use.

Photoacoustic imaging of human skin specimens

All work with human subjects was done in accordance with institutional review board (IRB)
guidelines and approval (project #191998X). Two human skin tissues (15 cm x 15 cm, white
and dark) were donated from UCSD and UCI Health Centers. Whole human blood was
collected from a healthy donor following guidelines. Informed consent of all participants
was obtained prior to the experiment. Human skin samples were stored in —80 C°. Prior to
the experiments, the skin was thawed at the room temperature and razor blades were used

to cut the skin specimens with the size of 2 cm x 2 cm. The specimens were immersed in
the formalin fixation buffer overnight. PA imaging was acquired using a Vevo 2100 LAZR
(Visual Sonic, USA), with a 21 MHz transducer (LZ-250). Laser intensity was optimized
and calibrated. ex vivo human skin specimens were cleaned three times with deionized water
before and after the PA measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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polydopamine with the diameter of 70 nm
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polydopamine with the diameter of 300 nm
polydopamine with the diameter of 500 nm
methylene blue

indocyanine green

cyanine5.5

transmission electron microscopy
scanning electron microscopy

energy dispersive X-ray spectroscopy
multi-laser nanoparticle tracking analysis
dynamic light scattering

polydispersity index

Fourier transform infrared spectra
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inductively coupled plasma-mass-spectrometry
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International commission in illumination
titanium oxide

absorption coefficient

reduced scattering coefficient

inverse adding double

optical coherence tomography
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MA methacrylic anhydride
NIR-11 second-near infrared
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Figure 1. Mimicking human skin phototype for biomedical optics.

bar represents 4 mm. b, The 3D bioprinting procedure to mimic human skin phototypes
using synthetic melanin and GelMA hydrogel. Red and blue dots in the insert image are
real PDA nanoparticles measured by M-NTA. ¢, Evaluation of skin tone impact on multiple
biomedical optics (e.g., PA imaging, fluorescence imaging, and photothermal therapy). MB,
ICG, Cy5.5, and gold nanorods were used to investigate the impact in different wavelengths
(680-1064 nm). Insert images describe PA signal, fluorescence, and temperature of the
probes under the skin-tone phantoms during the examination.
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Figure 2. Material characterization of synthetic melanin.
a, TEM image of melanin in human skin. b, Chemical structure of melanin and synthetic

melanin (PDA). EDX mapping showed that PDA consists of C, N, and O, /.e., components
of melanin in human skin. The scale bars represent 50 nm. ¢, TEM (left column) and
M-NTA (right column) images of PDAs with different sizes from 70 to 500 nm. Blue
(70-150 nm), green (300 nm), and red (>400 nm) dots represent actual PDAs scattered

in the water during M-NTA measurements. d, Hydrodynamic diameter confirmed by DLS
(top) and NTA (bottom). e, Oxidization process of dopamine, showing time-dependent PDA
growth. f, FTIR data of PDA nanoparticles. The peaks in PDAs at 1303, 1510, and 1602
cm~1 indicate that PDAs consist of the indole structure. g, Extinction coefficients of real and
synthetic melanin. Melanin type | and Il indicate eumelanin and pheomelanin, respectively.
h, Extinction spectra and the corresponding PA signals of different-sized PDAs at the same
#N from 0.25 to 2 x 109 particles/ml. The red, green, and blue bars represent PDAsqy,
PDA3q0, and PDA 1, respectively. i, Extinction spectra and the corresponding PA signals
of different-sized PDASs at the same extinction of 0.3 at 680 nm. The error bars represent
the standard deviation of six regions of interest. The experiment in h and i was repeated
independently three times with similar results. Panel a and g reproduced with permission

from Elsevier,31:40.41
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Figure 3. Clusters of synthetic melanin.
a, PA signal of PDA clusters. Different metal ions and other sample matrices were used

to induce PDA clusters. The error bars represent the standard deviation of six regions-of-
interest. b, PA signal of PDA clusters induced by different Ca2* concentrations (from 0

to 200 mM). The error bars represent the standard deviation of six regions of interest. c,
UV-vis spectra of PDA clusters at different Ca2* concentration. M-NTA image shows higher
light scattering (/.e., brighter) of PDA clusters (200 mM) than individual PDAs (0 mM).

The intensity of the blue dots is proportional to light scattering. d, Reversible PA signal
upon assembly-disassembly of PDA clusters. PA signal turned “on and off” under repeatedly
adding EDTA and Ca2* ions. e, PA signal of PDA mixtures at the same total number of
particles. 0:1, 1:4, 1:2, 1:1, 2:1, and 1:0 indicate the particle number ratio of PDA3zqq to

PDA 1. f, Particle distributions of PDA mixtures at different Ca2* concentrations. g, 3D
bioprinting process of skin-tone phantom. The photograph shows the same skin phototype
(Fitz. 6) of three-printed phantoms. h, PA signal of 3D-bioprinted phantoms containing PDA
mixtures with 0, 20, and 200 mM of Ca2* ions. PA signal increased as more PDA clusters
led to PA punctuate images. i, CIE coordinates of 3D-printed phantoms containing different
amounts of PDA clusters. The experiments in a, b, d, and h were repeated independently
three times with similar results.

Adv Mater. Author manuscript; available in PMC 2024 January 01.

200 mM




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yim et al.

Human skin

Mimicked skin

PA intensity (a.u.)

white (Fitz. 2)

Page 19

b Cl ustered synthetic melamn ml
10
0
0 ‘ e
—
L X 1
Leeee

e Human skin (PA signal)

5)

Independent synthetic melanin

8x10®

4x10¢

2x10%4

1x10%4

PA intensity (a.u.)

PA intensity (a.u.)
2

white (Fitz. 2)
W dark (Fitz. 5)

Mimicked

Real  Mimicked  Real

— white
o~ — white (M)
— dark
dark (M) 1
— —
700 750 800 850 900 950
Wavelength (nm)

Human skin
B e e

# dark (Fitz.5) ® white (Fitz.2)

2 3 4 5
Time (minutes) — Mimicked skin

Figure 4. PA comparison between real and mimicked skin.

a, Optical images (cross-section) of real and mimicked skins. The scale bars represent 0.5
mm. b, Skin phototype variations. Skin colors were readily tunable (From Fitz. 1 to Fitz. 6)
by adjusting PDA contents. ¢, SEM image of PDA mixtures in the printed skin (epidermal
layer). d, PA signal comparison between real and mimicked skins. PA signal of mimicked
skin was comparable to that of real human skin at the same skin phototype. The error bars
represent the standard deviation of six regions of interest. PA and US image of real (e)

and mimicked (f) human skins, showing randomly distributed melanosomes in epidermis.
The scale bars (x, y, z) represent 4 mm. g, Spectral PA signal from 680 nm to 970 nm

of real and mimicked (M) skins. h, PA signal stability of mimicked skins. i, PA signal of
epidermis in real and mimicked skins. The scale bar represents 4 mm. j, Tissue scattering
in real human skins. Purple dotted area indicates the region of epidermis after turning the
samples upside-down. The scale bars (x, y, z) represent 4 mm. The thicknesses of dermal
tissue were 4 mm (Fitz. 5) and 2.7 mm (Fitz. 2). The experiments in g, i, and j were repeated
independently three times with similar results.
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Figure 5. Impact of skin phototypes on biomedical optics.
a, Decreased energy of 680 nm, 800 nm, and 1064 nm lasers due to light absorption

by mimicked skin phototypes. The error bars represent the standard deviation of three
individual samples. Photograph shows 3D-bioprinted skin phantoms with different skin
phototypes (from Fitz. 1 to 6). b, i, and s~ (solid lines) values of Fitz. 1, 3, and 5 skin
phantoms. The dotted lines represent the tunable range of i, and ps” by adjusting PDA
content in the epidermis. c, PA image of MB dye covered by Fitz. 1, 3, and 5 skin phantoms.
Yellow dotted area remained uncovered showing no decrease in the laser power. The scale
bars (X, y, z) represent 4 mm. d, PA signal attenuation of MB and ICG dyes by Fitz. 1,

3, and 5 skin phantoms. The error bars represent the standard deviation of six regions of
interests. e, PA image of MB dye in a 5-mm-thick phantom covered by Fitz. 1, 3, and 5

skin phantoms. The scale bars (X, y, z) represent 4 mm. f, PA signal attenuation of MB and
ICG dyes at different imaging depths from 1 to 5 mm. MB and ICG dyes (10 mM) were
covered by Fitz. 1, 3, and 5 skin phantoms. The error bars represent the standard deviation
of six regions of interest. g, PA signal attenuation of real human blood. Human blood in the
blood vessel scaffold was covered by Fitz. 1, 3, and 5 skin phantoms. Yellow-dotted area
remained uncovered as a negative control. The error bar represents the standard deviation

of six regions of interest. h, Fluorescence attenuation of Cy5.5 and ICG dye by mimicked
skin phototypes. Insert images show that Cy5.5 and ICG dyes were covered by phantoms
with different skin phototypes from Fitz. 2 (left) to the Fitz. 5 (right). The scar bar represents
5 mm. i, Impact of skin phototypes on photothermal therapy. NIR-1 (808 nm) and NIR-1I
(1064 nm) lasers were used for the test. Fitz. 0 indicates the phantom without synthetic
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melanin. The experiments in a, d, f, g, h, and i were repeated independently three times with
similar results.
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