ABSTRACT
KOO, HEEKWANG. Effectiveness of Dyes as Skin Biopsy Markers. (Under the direction of
Dr. Renzo Shamey).
In order to prevent the risk of wrong-site surgery that might arise from the fullhealing of the biopsy site, selected dyes were tested as potential biopsy markers considering
two important aspects: visibility and safety. The dye injection tests were done on a live pig
using intradermal injection. For the experiment, five FD&C and WHO approved dyes
(FD&C Blue 1, Methylene Blue, Riboflavin, β-Carotene and Fluorescein) were chosen for
injection into pig skin and data were collected over a three-month period.
The visibility and durability of dyes were analyzed using visual, photographic, and
spectrophotometric color analysis. Riboflavin, β-Carotene, and Fluorescein were not easily
visible even one week after the injection while FD&C Blue 1 and Methylene Blue remained
visible on the skin surface for at least one month.
The quantitative color assessment was done using a spectrophotometer. The color of
dye sites was measured at four intervals, i.e. one week, one month, two months and three
months, after the injections.
The measurements agreed with visual color assessments. Methylene Blue and FD&C
Blue 1 showed significant color difference values, which remained high up to the second
month after injections. Riboflavin, β-Carotene, and Fluorescein exhibited significant color
difference values only one week after the injection, and the differences were perceptible only
up to the first month. The results indicate that FD&C Blue 1 and Methylene Blue were absent
from the site two months after the injection and that Riboflavin, β-Carotene, and Fluorescein
were absent from the sites one month after the injection.

The histological analysis of biopsy tissues was used to examine the presence of dyes
and morphology changes to the marked sites. The only dye observed via histology of biopsy
samples during the three months experiment was Methylene Blue dye. Sparse inflammation,
lymphocyte infiltration, and presence of eosinophils were recorded, suggesting possible
immune response within the skin.
Dye loss was speculated to occur either from immune response to the foreign
materials or migration into different parts of the body. Foreign matter, in this case dyes,
would initiate an inflammatory reaction that would cause macrophages to engage in a manner
similar to when tattoo inks are deposited into the dermis layer. The difference between tattoo
pigments and dyes is that their size difference enables dyes to be completely engulfed by
macrophages.
In the case of dye migration, each dye had different partition coefficient values,
represented by log P values. Dyes with positive log P values (β-Carotene and Fluorescein)
are lipophilic and could have migrated into the oily parts of the body such as sebaceous
glands and lipid layers. On the other hands, dyes with negative log P values (FD&C Blue 1,
Methylene Blue and Riboflavin) have a hydrophilic nature and could have migrated to high
water content parts of the body such as blood vessels.
Results indicate that all the dyes were disappeared from the injection sites within a
two-month period, but their loss rate differed according to their different affinity to the amino
acids of the protein in the dermis layer . According to their chemical structures Methylene
Blue and FD&C Blue 1 were expected to develop ionic bonds with amino acids of proteins
while Riboflavin, β-Carotene, and Fluorescein were expected to form secondary interactions
such as hydrogen bonds and van der Waals interactions. Dyes that could bond with ionic

bonds exhibited longer durability in injected sites compared to dyes bonded through
secondary interactions. Dyes with weaker bonds were more likely to be separated and
removed by macrophage or moved to other parts of the body.
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CHAPTER 1. Literature Review
1.1. Wrong-site Surgery in Dermatology
According to Makary and Daniel, the third largest causes of death in the US is
medical error, after heart disease and cancer [1]. Unlike deaths caused by diseases or
bacteria, medical error related deaths are primarily from human errors which are also
considered as avoidable errors. Loss from avoidable errors results in costly outcome for
medical personnel and upsetting experiences for patients. Among many medical errors,
wrong-site surgery is defined as one of the most significant causes of sentinel events by the
Joint Commission and “major patient safety issue” according to the American Academy of
Dermatology [2, 3].
Of many medical fields, dermatology is an important sector that requires care to
prevent or minimize wrong-site surgery issues. Wrong-site surgery poses a high risk in that it
could lead to high risks on patient’s health and consequently result in litigation for physicians
and surgeons. A study showed that of all the medical litigations Mohs surgeons have been
through, wrong-site surgery accounted for 14% of all the cases [4]. Mohs surgery is an
effective method to treat skin cancer since it allows surgeons to view the surgery site while
removing the tissue from affected sites on skin. With the higher accuracy during the
treatment, Mohs surgery has higher cure rate and patients could keep more healthy tissue
than other treatments. Despite its importance, dermatologists do not yet have a consented
method for biopsy site identification. Wrong site surgery in dermatology is caused mainly
from incorrect identification of surgical sites. This type of mistake is not uncommon and in
absence of site identification methods physicians and patients are reported to have
misidentified the biopsy sites about 4.4% of the cases, which is a very significant figure for
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both dermatologists and patients [5]. In two surveys, dermatologists indicated that wrongsite surgery was the most severe medical errors [6, 7].
Identifying biopsy sites is a great concern for dermatologists especially due to the
large number of nonmelanoma skin cancer cases. Statistics have shown that more than 4.3
million patients in the US get nonmelanoma skin cancer treatment each year [8]. When
patients encounter suspicious skin cancer features on their skin such as discoloration, moles
or irregular skin growths, a biopsy is performed on the identified site to test for the need for
treatment. Malignant tumor cells are likely to grow bigger and spread onto nearby areas
while benign tumors can grow but not spread further. If the result of the biopsies is
concluded to be negative, the tumor is removed. The cancerous tumor needs to get
appropriate treatment before it causes further harm to the patient.
Depending on the type of skin cancer, the revisiting period may differ due to the
severity and health risk differences. For melanoma skin cancer, because it is one of the most
severe forms of skin cancer that spreads to other parts of the body very quickly, treatment is
processed immediately. Nonmelanoma skin cancer, however, is considered less severe with
less metastatic behavior. Thus, the treatment for nonmelanoma skin cancer usually is not
processed immediately, taking a few weeks or months after the biopsy. As a result, the wait
time between biopsy and actual treatment could result in either full healing or confusion with
other scars, resulting in more indiscernible biopsy sites. Site identification becomes more
problematic because patients who had a biopsy do not take an active role and assume that
dermatologists are capable of identifying biopsy sites [9]. When the new biopsy site is no
longer discernible from other biopsy sites or even unrelated scars on the skin, the risk of
wrong-site surgery emerges. Sometimes an unnecessary re-biopsy is done to avoid the
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problematic surgery, which leads to increased cost and postponing the treatment [10]. Visible
biopsy sites, however, are highly correlated with correct site identification. Patients who can
visualize their own biopsy site have identified their site correctly 3.5 times more than patients
without visible site, confirming that visibility of site is a crucial factor in surgical site
identification [11].
The correct site identification is highly correlated with the visibility of biopsy site.
These circumstances have led to a need for a better biopsy site identification method. In
recent years, dermatologists are utilizing different methods to verify correct biopsy sites
when a surgical procedure is required. These methods include photography, fixed anatomic
landmarks, drawing diagrams, biopsy scar visualization, use of ultraviolet-fluorescent tattoos,
procedural techniques, re-biopsy of the site, etc. [12]. Physicians and surgeons may choose a
method that is more effective and helpful, but when it involves communication with other
physicians or patients, operating different methods becomes problematic. Miscommunication
is more likely to occur due to inconsistent marking methodologies. Furthermore, if patients
visit different physicians, and cannot remember their biopsy sites, problems become even
more complicated. To prevent biopsy sites misidentifying issues, selecting a consented site
identification method is necessary.
The current preoperative photographic methods where an anatomic landmark is
included, are considered to be among the best practices to become standardized [13]. In one
study, physicians with preoperative photographs could correctly identify biopsy sites while
physicians with only diagrams and direct observation failed to identify biopsy sites in 5.9%
of the cases [5]. Although photography is considered useful, dermatologists may find
financial or technical challenges associated with using a high-quality camera. In addition,
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sufficient training of medical staff is necessary to enable them to consistently take pictures
that have sufficient quality under appropriate levels of lighting and incorporate anatomical
landmarks. Even after appropriate photographs are taken, they need to be kept within a
secured storage space and should be compatible with electronic medical records. Often when
pictures have low quality or do not have sufficient anatomical information, site identification
with photography becomes unhelpful. If dermatologists do not agree on logistical
compatibility of pictures, patients visiting different clinics or other physicians may not have
biopsy site photos transferred at the right time for surgery.
Tattoo marking of the biopsy site is another method that offers high visibility and
stability. In one study, physicians successfully identified biopsy sites 17 months after
injecting UV-fluorescent tattoo dye markers onto the sites [10]. Although tattoo markers
exhibit great discernibility, tattoo inks pose complication risks. The tattoo may cause
infections, allergic or inflammatory reactions [14, 15]. Safety concerns have also arisen from
the metal component present in some of the pigments used in a tattoo. Metals including Al,
Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sb, Sr, and V were found in commercial tattoo inks
available in the market [16]. Because of the length of time a tattoo will be exposed to light on
the skin, allergic reactions and safety concerns from tattoo markers need to be addressed
properly and avoided if necessary. In one study [17], dangers associated with black tattoo
inks were pointed out. Black inks are quite common for tattoo marking. Many black tattoo
inks contain carcinogenic polycyclic aromatic hydrocarbons that could affect skin integrity
by producing harmful singlet oxygen into the dermis [17]. The permanently visible
characteristic of tattoos is another problem regarding their suitability for use in a patient’s
daily life. Patients are not willing to keep the permanent marker on their skin especially when
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they believe all the tumors are removed. Using fluorescent tattoos may solve this issue since
their visibility is low during daytime [18], but safety issue still need to be resolved before
utilizing tattoos as biopsy site markers.

1.2. Structure of Skin and Injection Methodology
Human skin anatomy should be explained in detail to understand the path and result
of injection. Human skin is composed of three layers: epidermis, dermis, and hypodermis
(Fig. 1). The epidermis sits at the outermost layer and works as a waterproof barrier [19]. The
dermis lies between the epidermis and subcutaneous tissue. It works as a tough connecting
tissue and contains various glands including hair follicles and sweat glands. The hypodermis
comprises connective and fat tissues. The muscle tissues are under the hypodermis tissue.

© 2014 WebMD, LLC. All rights reserved.

Figure 1. A schematic representation of human skin structure [20].

Different routes of administration can be classified by the injecting location. The
classification can be divided into enteral and parenteral. Enteral administration could work as
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system-wide effect. Such an administration could be either oral application or rectal
application. Common examples are drugs formed as capsule, tablets or drops. The parenteral
administration can be defined as the systemic action not administered through the
gastrointestinal tract. All the needle injections could be classified as parenteral
administration. The parenteral administration could be divided mainly into different
administration routes: intradermal, intravenous, subcutaneous, intramuscular, intraperitoneal
and topical (Fig. 2). Topical administration places drugs or any other substances locally, and
the corresponding actions are placed locally. Any type of creams or lotions applied to the
skin surface can be considered as topical administration. In intradermal injection, the
solution/drug is injected into the dermis layer. However, due to the low thickness of the
epidermis, a solution is usually injected into the upper dermal layer, right beneath the
epidermis layer. In subcutaneous injections, a solution/drug is inserted into the subcutaneous
layer, between the skin and muscle layers. Intravenous and intramuscular inserts involve
injecting a solution/drug inside blood vessels and in muscle respectively. Different routes of
administration are chosen for applications based on their absorption time, drug property and
patient’s condition.
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Figure 2. Different methods for administration of injections [19].

Each skin layer has different characteristics that can influence both the visibility and
safety of dyes. The epidermis layer compared to the dermal layer has certain shortcomings
for injection: low thickness and shedding property. The average dermis-epidermis thickness
ratio is 10:1 – 13:1 [21]. With the fact that the average thickness of skin is 0.4 mm to 4.0 mm
[22], it is almost impossible to inject dyes or solutions selectively onto such a thin epidermis
layer.
The shedding property of skin is focused mostly in the epidermis layer and it occurs
from changing keratinocytes over time and layers. Keratinocytes, essential skin cells in the
epidermis, are produced in the stratum basal (bottom layer of the epidermis) and migrate all
the way up to stratum corneum (top layer of the epidermis) while changing biochemically
and morphologically in a degenerative method by losing nucleus and cytoplasmic organelles
[19]. Eventually, differentiated keratinocytes are turned into dead cells and shed off from the
skin surface. Due to this shedding property, the dyes or drugs injected into the epidermis
layer would be susceptible to shedding along with dead keratinocytes before they could be

8
visible for a sufficient period. The shedding cycle of skin is approximately a month [23]
which is inappropriate for markings designed to last for months and years. The dermis, on the
other hand, has proven its efficacy as an excellent deposition layer with durable and longlasting characteristics. The dermis layer is thicker than the epidermis layer and has been used
for applications such as tattoo injections and dermal fillers.
On the other hand, subcutaneous injection is an effective route for drug
administration due to improved absorption rate. Different absorption rates of drugs are
correlated with the extent of blood vessels and lymphatic vessels within the injected sites.
Intramuscular injection and intravenous injection are injection method into muscle and blood
vessels respectively. They have faster absorption rate compared to intradermal and
subcutaneous injections. They, however, are injected into the deeper body region, making it
difficult for the injected dyes to be visible from the skin surface.
Understanding the mechanism of how tattoo pigments dwell in the dermis layer is a
key component to understand the potential use of experimental dyes as markers in the
dermis. When tattoo pigment particles are injected into the dermis layer, they are captured by
dermal macrophages. The way tattoo pigments stay in the dermis can be described using two
explanations: the longevity concept and the pigment capture-release-recapture concept [24].
Both concepts suggest that the macrophages capture incoming tattoo pigments and that these
particles are not absorbed by or migrate into surrounding layers. The longevity concept
indicates the longevity of macrophages to be the same order as that of the natural age of the
person, resulting in visibility throughout the subject’s life. The capture-release-recapture
concept indicates that macrophages capture tattoo pigments upon injection and become
tattoo-laden but replenished and replaced in in a certain cycle. When these pigment-laden
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macrophages die, tattoo pigments are released back to the dermis layer but are kept in the
extracellular form due to their large sizes. Circulating monocytes generate new macrophages
that will recapture the tattoo pigments. Thus, tattoo pigments will stay visible permanently
[24].

1.3. Examination of Pig Skin as a Medium for Research
Pigs have been used extensively as a model for human skin both for in-vivo and invitro studies. Pigs are preferred over other animal species due to the high similarity of the
skin structure to that of humans. When animal candidates are limited to accessible laboratory
animals, skin similarities become more evident. A clear comparison can be seen in Table 1.
Among many skin resemblances, epidermis and dermis similarities are more apparent: the
epidermal thickness (30-140μm for humans versus 50-120μm for pigs), dermal-epidermal
thickness ratios and dense elastic fibers [21]. Moreover, pigs show similar wound healing
behavior because pigs’ skin is healed through re-epithelization rather than contraction (Table
1). Pigs even have comparable epidermal turnover time of approximately 30 days [25].
The overall arrangement of the dermis for pigs and humans is very similar. The blood
supply in the dermis layer is comparable to that of humans [21]. Lipid and protein
composition similarity has also been observed. Furthermore, pigs with light skin colors can
lack skin pigments, which is especially important for a skin study involving dye injections
[26]. Along with skin similarities, pigs have numerous advantage over other animals:
availability, sufficiently long lifespan of 10-20 years, early sexual maturity, very similar
immune parameters, while being more economical and ethically tolerable than primates. [27].
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Table 1. Comparison between the skin of different species [21, 25, 26]

Guinea
pig

Skin
Hair Coat
Attachment
Dense
Loose
(with
exceptions)
Dense
Loose
(with
exceptions)
Sparse or
Loose
dense

Pig

Firm

Sparse

Thick

Thick

Absent

Human

Firm

Sparse

Thick

Thick

Absent

Criteria
Mouse

Rat

Epidermis Dermis

Panniculus Healing
Carnosus
Mechanism

Thin

Thin

Present

Contraction

Thin

Thin

Present

Contraction

Thick

Thick

Present

Contraction
Reepithelialization
Reepithelialization

Although high similarities exist between pig skin and human skin, the differences
should be noted as well. One of the differences between two skins is the appendage structure
where porcine skin does not contain any eccrine sweat glands [25]. The non-existence of
eccrine sweat glands may differentiate dye movement in the dermis area. The thickness of
the subcutaneous fat layer in the pig skin is also different compared to that in humans.
One problem of using pigs for a dermatological experiment is their large size and
rapid growth. Their quick growth requires additional management and care. A pig skin study
needs further care and cost to prevent any possible irritation or contact on the skin area. Thus,
a selected pig needs to be kept in a separate cage and get cleaned regularly to keep the
marked sites clean. Additional difficulties arise from administering anesthesia. A
professional veterinarian should be accompanied for the whole procedure until a pig recovers
to a certain point. Even with their expensive cost and additional handling necessities, pigs
serve as valuable animal subjects due to their close similarity in skin structure to that of
humans [28].
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1.4. Preliminary Experiments
For the dye selection, a preliminary set of experiments was conducted [29]. Dyes
used in these experiments included six FD&C approved dyes and eight natural dyes. The
FD&C dyes included FD&C Blue 1, FD&C Blue 2, FD&C Yellow 5, FD&C Red 40, D&C
Yellow 7 and FD&C Yellow 6. The natural dyes used comprised Riboflavin, chlorophyllin
sodium salt, carmine, paprika, β-carotene, annatto, turmeric and cochineal extract. The
purpose of the experiments was to find the most suitable dyes for the biopsy marker studies
in terms of affinity and skin permeation.
Several tests were performed to measure the potential affinity of selected dyes for and
penetration into skins. The first test was the flow-through diffusion test. The
penetration/diffusion rate of each dye through silastic membranes and pig skins was
examined. This experiment was done to mimic dye diffusing into epidermis without reaching
the dermis. If dyes penetrate the dermis layer and into the blood vessels or glands, they may
cause unwanted health risks. The experimental results showed that only three dyes
(Riboflavin, Paprika, and β-Carotene) stained the silastic membranes but did not have
complete penetration through the membrane.
An additional experiment was done on silk fiber to test dye affinity to protein. It was
based on the assumption that any dye affinity towards – the protein fiber will be highly
relevant to dye affinity towards– animal skin. Silk fabrics (wt. 72g/m2) were dyed in an
Ahiba Nuance dyeing machine at 37°C. Different dye concentrations were used depending
on the types of dyes used. From six repeated trials under different conditions including liquor
ratio, dye amount and pH, six dyes appeared to be promising. The six dyes were FD&C Blue
1, Riboflavin, Chlorophyllin, FD&C Red 40, Annato and Turmeric (Fig 3).
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a)
b)

c)

d)

e)

f)

Figure 3. Chemical structure of the dyes used, a) FD&C Blue 1, b) Methylene Blue,
c) Fluorescein, d) β-Carotene, e) Riboflavin, f) Flavin Mononucleotide.

Further experiments were done with the above six dyes. Tests included percent
exhaustion, crockfastness, and lightfastness tests. Under percent exhaustion experiment,
except for chlorophyllin and FD&C Red 40, the dyes showed comparably acceptable results.
In wet crock and dry crockfastness tests, FD&C Blue 1, Riboflavin and FD&C Red 40 had
stable ratings of 4 and 5. In the lightfastness test, all dyes faded significantly under the testing
condition.
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1.5. Colorants
Colorants (dye and pigment molecules) exhibit visible colors via selective absorption
of wavelengths in the visible range. When light reflected by the colorants reaches the
observer’s visual system, it is interpreted as visible colors. The absorption of wavelength
occurs when electrons from the ground state are excited to reach an upper level of energy or
the excited state. Such electron excitation occurs in π-electrons from double, triple or
conjugated bonds. Since the excitation occurs more readily for delocalized π-electrons, most
colorants contain aromatic ring structures. Dyes and pigments have chromophores, and
auxochromes. Chromophores, which are responsible for visible color absorption and thus
responsible for the color, contain conjugated double bonds. Auxochromes, which are used to
control the intensity of color created by the chromophore, usually contains at least one lone
pair of electrons, but cannot produce color by themselves [30].
Colorants can be largely divided into two categories: dyes and pigments. According
to ETAD (The Ecological and Toxicological Association of Dyes and Organic Pigment
Manufacturers), the definition of dyes is given as follows: “dyes are intensely colored or
fluorescent organic substances only, which impart color to a substrate by selective absorption
of light. They are soluble and/or go through an application process which, at least
temporarily, destroys any crystal structure by absorption, solution, and mechanical retention,
or by ionic or covalent chemical bonds.” According to CPMS (Color Pigment Manufacturers
Association, Inc.), the definition of pigments is “colored, black, white or fluorescent
particulate organic or inorganic solids which usually are insoluble in, and essentially
physically and chemically unaffected by, the vehicle or substrate in which they are
incorporated. They alter appearance by selective absorption and/or by scattering of light.
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Pigments are usually dispersed in vehicles or substrates for application, as for instance in the
manufacture or inks, paints, plastics or other polymeric materials. Pigments retain a crystal or
particulate structure throughout the coloration process.” [31] In short, dyes are organic
compounds soluble in water or selected solvents and tend to have specific affinity to the
substrates to which they are applied. Pigments are insoluble in the medium used for their
application and are either physically held within the colored compound or maintained on the
surface of the substrate with the aid of auxiliary compounds such as binders.
Dyes and pigments are widely used not only for the coloration of textiles but also in
foods, drugs, cosmetics, and for medical applications. When their primary intention is to
color the product, they are named as color additives. In 1906, Congress introduced the Pure
Food and Drugs Act to restrict the use of harmful color additives and stop the use of possible
misbranded and adulterated foods in the market. In 1907, USDA approved seven colorants
for use in foods. The Federal Food, Drug, and Cosmetic Act (FD&C Act) was established in
1938 to increase government’s control on foods and drugs, and to stop all the loopholes in
the previous act. After FD&C Act was established, Food and Drug Administration (FDA)
came up with nomenclature for the approved color additives according to their specification:
FD&C, D&C, and Ext. D&C. FDA, in 1960, through The Color Additive Amendments,
defined color additive and made a list of suitable and safe color additives [32]. In Parts 73,
74, 81 and 82 of Title 21 of the Code [33].
On the color additives list, some colorants are exempt from the FDA certification
because they are obtained from natural sources under FDA regulations. These color additives
inherently appear in the foods such as vegetables, minerals, or animals and listed as “exempt
color. There is also a list of compounds that are Generally Recognized as Safe (GRAS). Food
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additives that are listed as GRAS are confirmed to be safe by FDA through sets of necessary
research by non-government experts. Once substances are approved as a GRAS product, they
are not considered as food additives and do not need to be authorized by FDA agency before
being used due to their recognized safety [34].
Dyes and pigments are utilized frequently in the medical field. They work to increase
the visibility of various circulation systems through increased contrast or via fluorescence
characteristics or by functioning as in-vivo biological stains to observe cell structure,
morphology or reactions occurring on specific sites. Such biological stains are currently used
in angiography, colonography, lymph node biopsy and flow cytometry.
For dye selection the first aspect to consider was the safety issue. Since the dyes are
to be injected to a live pig and eventually to the human skin, and due to the risk of diffusion
to various body sites, careful selection of safe dyes was necessary. Thus, dye selection was
done, mainly from the list of government and authorized organizations: FDA, Select
Committee on Generally Recognized as Safe Substances (SCOGS) and World Health
Organization’s (WHO) Essential Medicines List (EML).
The first two dyes FD&C Blue 1 and Fluorescein are approved by FDA for use as
color additives. FD&C Blue 1, also called Brilliant Blue FCF, is approved to be used in
foods, drugs, and cosmetics [35]. Its safety was proven with no toxicity observed with a
dosage of 12 mg/kg per day to healthy animals [36]. Fluorescein, also known as D&C
Yellow 7, has been permitted for use in externally applied cosmetics and drugs [35].
Fluorescein dyes are considered nontoxic dyes and used as highlighting agents in various
medical fields. Fluorescein angiography and tumor fluorescence imaging are a few examples
of Fluorescein dye applications for various treatments [37, 38].
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β-Carotene, Riboflavin and Flavin Mononucleotide (FMN) are listed in SCOGS and
concluded to be Level 1, which states that there is not enough information to conclude that
the substances may cause harm [39-41]. β-Carotene is abundant in some vegetables and
works as the precursor for Vitamin A, an essential nutrient in our body. Riboflavin, known as
Vitamin B2, is an essential nutrient to prevent any deficiencies such as angular cheilitis or
birth defects for pregnant women. Riboflavin is often injected using IV or IM methods to
meet the necessary vitamin uptake. Flavin mononucleotide (FMN) is an active form of
Riboflavin (Fig 3).
WHO EML provides the list of the effective, safe and cost-efficient medicines that
are relevant to the most prevalent diseases since 1977 [42]. In that list, safety and even costefficient characteristics are approved by WHO and accepted globally, thus the drugs in EML
bare safe for applications in this research. Among the components in the list, Methylene Blue
is denoted as an antidote to treat methemoglobinemia and malaria [43]. Along with WHO’s
assured safety, Methylene Blue also has been used in various medical applications since its
first discovery in 1876. It has been used to improve hypotension and cardiac function in
various surgery. Methylene Blue has proven its use for biological staining. Localization of
parathyroid glands and sentinel lymph node was also made possible with Methylene Blue
dyes [44]. Methylene Blue is applied to the skin tissues to identify bacterial structures and/or
nucleic acids such as DNA and RNA [45]. In addition to treatment applications, Methylene
Blue has been used as a stain to visually track the movement of tissues or fluids. Thus,
Methylene Blue functions as an excellent staining tool for chromoendoscopy, urinary
tracking and sentinel lymph node tracking [46].
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By far, government and other authorized organizations have confirmed the safety and
effectiveness of the six selected dyes in this study. The current usage of these dyes in medical
fields further strengthens their selection from a safety perspective.

1.6. Research Objectives
Normal patients with nonmelanoma skin cancer take a few weeks to a few months to
revisit their physicians. By the time patients revisit surgeons for the treatment, biopsy sites
may become indiscernible and as a result pose a risk of wrong site surgery [18]. To ensure
that all biopsy sites are evident for both physicians and patients for the surgery, the visibility
of the sites should be evident for a sufficient period. To that end and in order to observe the
performance of the selected dyes, a period of six months was employed for testing in this
study. To mimic the real biological situations of humans, the experiment was carried out
using the most effective intradermal injection method on the skin of a live pig. One study
collected survey responses regarding wait time of patients with nonmelanoma skin cancer. Of
860 patients who answered the survey, 67.6% of patients responded that they had waited
more than a month to get the nonmelanoma skin cancer treated. Among patients experienced
delayed treatment, median wait time was 6 months [47]. Therefore, the best possible outcome
of the study would be to recommend dyes that last for six months to encompass the
possibility of identifying sites for even more delayed patient visits.
Using safe dyes as biopsy markers has the advantage over other methods in that dyes
will stay on patient’s skin surface. Thus, patients would no longer need to bring photos of the
previous biopsy location remember the biopsy site. Tattoo biopsy markers would have a
similar advantage as dye biopsy markers, but they may introduce other complications.
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Besides, it would not be preferable to keep permanent tattoo inks visible on the biopsy site
after treatment is completed. Therefore, a safe, visible and temporary marking method is
necessary to eliminate the concerns associated with wrong-site surgery.
To choose safe dyes to be used for the injection, dye selection should be made within
the pool of dyes approved either by the government or relevant authorities in order to prevent
any harm to human health. Since tattoo ink biopsy marking may be a very effective method
that could prove permanent visibility but with numerous complications, replacing tattoo inks
with suitable dyes was the initial starting point for this study. The selected dyes for the
research were approved to be safe by the FDA under FD&C Act or are widely used in the
medical field and approved by the World Health Organization (WHO). Although colorants
approved by these organizations are considered safe, injection tests on a live pig were
necessary to confirm their safety and visibility in the present application.
Based on the results of the pervious experiments, four dyes were selected for testing
on live pig skin. The four dyes were FD&C Blue 1, Riboflavin, β-Carotene, and Fluorescein.
Riboflavin and β-Carotene showed excellent results in silastic membrane diffusion testing.
FD&C Blue 1 and Riboflavin showed good results in both silk dyeing and fastness testing. In
the case of Fluorescein dye, the inherent fluorescing characteristic of the dye was a primary
reason for selection. Fluorescent dyes have visibility under UV light. In the case of
Fluorescein and Riboflavin fluorescent dyes, their yellow color would be less discernible in
the visible spectrum on a light-colored skin but highly visible under UV, although this
feature may actually be advantageous in patients’ daily life. Thus, if the visibility of the
fluorescent dyes could be assured, they would be suitable options as potential biopsy
markers.

19
While the selection of dyes in the initial studies was based on the FD&C approved
and natural dyes, two additional dyes were chosen from dyes that are utilized in medical
fields. Out of various medically employed dyes, Methylene Blue and Flavin Mononucleotide
(FMN) were chosen as possible candidates. A long history of the use of these dyes in the
medical field indicates assured safety and support for their use in this research. Although the
present dyes are not designed and approved for injection into the body, some are approved
for human consumption or other human-related applications and thus are presumably safe for
use in animal studies. Potential health-related side effects were examined via histological
assessment of skin biopsies from injection sites.
The purpose of this investigation was to examine not only the visibility but also any
health risks associated with the application of dyes in the dermis region. The anatomical
similarity of pig’s skin to the human skin enables examination of possible skin irritation or
allergic reactions as well as other critical health concerns such as skin necrosis. The
histological assessments were performed in two locations, a private firm, Cockerell
Dermatopathology (Texas, US), and the histology laboratory in the College of Veterinary
Medicine at North Carolina State University. Skin reactions to the dyes and existence of dyes
in the skin layer were the main focus of the histological assessments. Based on the
quantitative and qualitative experimental data gathered over the six-month period, the best
dyes would be chosen for further research and potential recommendation for human clinical
testing.
To achieve acceptable tagging results, the selection of appropriate injection
methodology is crucial. Topical administration of the colorant should be avoided due to
instability and short duration of dyes. If applied topically, the colorants would be visible on
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the day of the injection as all the dyes remain on the surface with no blocking layers between
the dyes and observers. However, topical applications are susceptible to abrasion, daily wash
and shedding cycle of the skin. Other applications such as subcutaneous, intramuscular and
intravenous injections would not be suitable injection methods because they are too deep
inside the skin, with less visibility from the skin surface. Another disadvantage of using these
injection methods is that their drug absorption rate is too high. The chances of losing dye
molecules to blood circulation or lymphatic system would increase when these injection
methods are used.
Thus, for this investigation, intradermal injection was chosen for two reasons:
visibility and semi-permanence. In intradermal injections, a dye solution would lie right
underneath the epidermis layer, making it clearly visible to physicians, just like visible tattoo
inks. Tattoo inks lie on the dermal layer and in most cases are permanently visible from the
skin surface. The chosen dyes would be expected to show a similar degree of visibility at the
dermal layer with a non-permanent characteristic but with less (or minimal, if any)
complications. Placing dyes on the dermal layer would be the most efficient way in terms of
high visibility and durability. From the safety point of view, injecting into the dermis may
pose additional risks compared to injecting into the epidermis layer because when a solution
is placed into the dermis layer, it might enter the bloodstream and may cause unwanted side
effects or allergenic reactions. Nonetheless, the dermis would work as the best layer for dye
deposition with other layers having extreme limitations.
The results were analyzed using three primary methods: visual color assessment,
quantitative color measurement using spectrophotometric measurement and histopathological
assessment of skin-dye biopsies. All analyses were used to validate the extent of colorant
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visibility both in quantitative and qualitative ways. The extent of dye staining on skin tissue
was observed from histological assessments. The histological assessment would also verify
any health risks in skin tissue biopsies associated with the injection of dyes. Any
inflammation, necrosis and morphology changes would be noted for further analysis.
Lastly, possible mechanisms for color loss would be considered from the biological
and chemical perspectives. Understanding the chemical and biological reactions occurring
between dyes and the dermal tissues is critical for selection of colorants that would exhibit
adequate durability and stability in skin. Possible reactions that could explain the current
experimental results could also be utilized to continue the work in the future and conduct
relevant research especially in terms of assessing the visible durability of dyes in skin.
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Chapter 2. Experimental Setup
2.1. Animal Studies
The skin tests were initially done on an animal to minimize potential risks and side
effects that might arise from colorants injection to humans. Using a pig as the test animal,
actual skin shedding and washing issues were observed along with the visibility of the
colorants. A pig weighing about 250-300 lbs. with a wide back area was selected for this
study (Fig 4). While the exact area on the back of the pig did not need to be measured, it was
important that the animal had enough space to enable injecting 120 dye specimens with
enough spacing between the sites. The number of dye injection sites was calculated for five
colorants, two injection methods, a trial period of six months period and for the duplication
of the whole procedure, which results in the total of 120 dye injection sites (5 dyes × 2
injection methods × 6 months × 2 replications = 120 dye sites). Due to the limited area of the
test animal and limited amount of FMN dye, FMN was excluded from the first experiment,
and the number of dyes was reduced to five. The performance of FMN was expected to be
similar to Riboflavin since FMN is the active form of Riboflavin. To have a clear visibility of
colorants on the back of the animal, the subject pig was required to have no skin defects or
unusual colors and no obvious skin lesions. Since the experiment had to continue for about
six months, the pig was not to go lame during the experiment. Thus, the pig had to have
straight legs and no joint problems. Furthermore, breathing problems and temperament were
checked prior to the selection. The selected pig weighed between 250-300 lbs and was
roughly 5 and half months old. The breed was a cross of Yorkshire and Landrace swine. He
had a wide enough back to enable injecting the 120 dye specimen to individual sites.

23
All the members participating in the animal experiment were approved by The
Institutional Animal Care and Use Committee (IACUC). In order to be qualified by the
IACUC, individuals should follow Animal Welfare Act regulations and Public Health
Service Policy. Thus, prior to the experiment, The Animal Care and Use Protocol
Amendment, The Application for Vertebrate Animal Use, NCSU Vertebrate Animal Contract
Questionnaire, and Visitor Consent Forms were submitted and approved by IACUC. In
addition, online training and tutorials were completed to gain qualification for animal subject
research.
For the sedation of the animal, TKX (Telazol-ketamine-xylazine) was used. Telazol is
combination of tiletamine and zolazepam produced by Zoetis. Telazol was reconstituted with
KetaVed (ketamine) produced by Vedco Inc, and AnaSed (xylazine) produced by Akorn Inc.
The amount of injection was based on the weight of the pig. Initial TKX injection was set to
be 0.03 mg/kg bodyweight and additional doses were administered in 0.5-1.0ml depending
on the pig’s reaction during the experiment.
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Figure 4. The selected pig on the first day of the study.

2.2. Dye Injections
Five dyes (Methylene blue, FD&C blue 1, Riboflavin, β-Carotene, and Fluorescein)
were injected under the pig skin using two different injection methods: regular intradermal
injection with butterfly needles and an Aquagold device. Differences between the two
injection methods are explained below.
All colorants were obtained in their powder form. FD&C Blue 1, Fluorescein,
Methylene Blue and β-Carotene were obtained from Pylam Products Company, Inc (Arizona,
US), while Riboflavin and FMN were obtained from Sigma Aldrich (US). All the dyes were
listed as water soluble in their information sheets, which are included in Appendix A, and C.
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Dyes were dissolved in deionized water before the intradermal injection. Four dyes, except
Fluorescein, were prepared as 1% solution in water. Fluorescein dye had a low solubility
level and formed a suspension with visible particles and was therefore prepared at the 0.2%
concentration level. FD&C Blue 1 and Methylene Blue formed solutions while Riboflavin
and β-Carotene dyes were made into dispersions. All dyes and equipment were sterilized at
NCSU College of Veterinary Medicine before the experiment.
Dyes were injected within an approximately one-square-inch space to prevent overlap
between different dye sites due to possible spreading or spillage. The back of the pig was
divided into four rows, each row containing 40 injection sites. The 120 dye injection sites
were randomized as shown in the Fig 5 grid. Each cell was associated with the dye name and
the injection method. FDC1, BC, F, RF, and MB acronyms were used to denote FD&C Blue
1, β-Carotene, Fluorescein, Riboflavin, and Methylene Blue respectively. Similarly, ID and
AQ were used for intradermal injection with butterfly needles and Aquagold injection
respectively.
The injections of dyes, in the initial experiment, were carried out over two days due
to the limited time a pig can withstand anesthesia in a single day and the need to prepare each
injection sites carefully. A and B at the end of the codes indicate the duplication of the
experiment.
Dyes were injected into Side 1 sites on the first day while dyes were injected into
Side 2 locations on the second day two weeks later. After the dye injection, blue tattoo
marker inks were injected via syringe on the four corners around each dye site to enable
visual recognition of dye sites, in case the injected dyes fade or diffuse in to the tissues.

26
For the common intradermal injection, butterfly needles (Fig 6), also known as
winged infusion sets, were used instead of standard syringes to make precise injections into
tough pig skin. The official name for the product in our research is Jorgensen Infusion Set
produced by Jorgensen Labs Inc (Colorado, US). Butterfly needles are designed for easy and
precise intravenous access. They are usually composed of a needle held by two bilateral
wings on the side, a long thin tubing and a connector. A dye-filled syringe was connected to
this connector to inject the dyes onto the porcine skin. Since the operator can get hold of the
device closer to the needle, the injection angle could be controlled adroitly. Considering that
the intradermal injection needs a precise angle of 10-15° (Fig 2), the use of a butterfly needle
was helpful for the injection angle management. A 23-gauge butterfly needle (340
micrometer wide) was used for all dye injections.
Another method of injection was carried out with an Aquagold® fine touchTM (Fig 7)
device, which injects a desired drug or solution into the dermis layer at a consistent depth in a
pain-free (no bleeding) procedure using microneedles [48]. It consisted of twenty needles
which were 600 micrometers-long and 130 micrometer-wide, sufficiently long enough to
penetrate the epidermis layer and deliver the solution directly into the epidermal-dermal
junction of skin. Infusion through microneedles, especially for a low volume of 0.2 ml, has
proven to carry little or no pain compared to hypodermic needle injections [49]. Aquagold is
a device that is claimed to deliver the dyes onto the dermal area at a consistent depth in a
secured and less irritating manner [48]. Thus, Aquagold was chosen to be tested along with
standard intradermal injections to check its validity as a dye marking method.
The pig was anesthetized and managed by NCSU veterinary specialists. According to
the IACUC protocol, an animal under sedation must be monitored until they are aroused
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enough from sedation so that monitoring becomes unnecessary due to their alertness. All the
injections were performed in a clean clinical surgery room to avoid any potential infections
from the location (Fig 8). Heartbeat, respiration and body temperature were measured every
15 mins. Hair shaving was done on the dye sites with a hair clipper. Alcohol wipes and
povidone-iodine antiseptics were used to cleanse the site before the injection. Different
syringes were used for each color. Thus, five different butterfly needles and five different
Aquagold devices were used to inject five different colorants.
After the injection on the first day, one biopsy was performed on the pig’s back as a
control specimen. A tissue sample using a 4-mm punch biopsy was cut and placed in a
formalin solution. The 4-mm punch biopsy was obtained from Acuderm Inc (Florida, US),
with the name of Accu-Punch. After the biopsy, the incision area was allowed to heal itself
without suturing. The same punch biopsy and healing process were done for all the other
biopsy sections as well. The sample was sent for histological assessment to Cockerell
Dermatopathology labs.
Two control specimens were also obtained to compare the histological results with
dye injected skin tissues. Control specimen did not contain any dyes or solution within the
biopsy. One was taken on the day of the injection and the other was excised on the first
biopsy day (one month after the injection day). A comparison of the tested biopsy samples
would provide information about the existence of dyes or any irritations.
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Figure 5. Randomized dye sites. Side 1 corresponds to the left side and Side 2 corresponds to
the right side on the back of the pig. The acronyms denote FDC1: FD&C Blue 1, BC: βCarotene, F: Fluorescein, RF: Riboflavin, MB: Methylene Blue, ID: Intradermal injection
with butterfly needles. AQ: Aquagold injection.
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Figure 6. Jorgensen Infusion Set (butterfly needle).

Figure 7. Aquagold fine touch injection device.
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Figure 8. Removal of surface hair in preparation for dye injections.

2.3. Examination of Injection Sites
Three different approaches were used for dye site examinations: visual assessment,
color measurement with a spectrophotometer, and histological assessment. For the visual
assessment, normal fluorescent light source and UV light were used to visualize the dye sites.
The dye sites were considered “visible” when they were evidently distinguishable from other
skin features. Since defining “distinguishable” may be a subjective decision, this approach
was used to support the color measurement values and observe the overall tendency of dye
appearances. To assess the visibility of dyes more clearly, pictures were taken every month
using a common smartphone (iPhone7).
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Ordinarily, a standard visual assessment requires the use of simulated standard
illuminants as specified by the CIE such as illuminant A or D65. However, this was not
possible in our research since the pig had to be kept in the College of Veterinary Medicine
barn. Therefore, all necessary measurements and observations were done inside the barn. The
lighting in the barn was used as the light source for the visual assessment. For assessing
fluorescent samples under the UV source, a Wood’s lamp was used. All ambient lights were
turned off while Wood’s lamp was used to minimize the effect of extraneous light on
assessments. Fig 9 shows the spectral power distribution of the UV light used. With the peak
lying between 350nm and 400nm, the UV light can be considered as UVA. Under this UV
condition, two fluorescent dyes, Riboflavin and Fluorescein were observed.
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Figure 9. UV Spectral power distribution of Wood’s lamp using Thouslite FS radiometer.

For the quantitative color measurements, a Datacolor Checker 3 hand-held
spectrophotometer was used. Reflectance spectra of dye sites on the animal skin were
measured every month. The Checker 3 was set to obtain two repeated measurements, with
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UV light excluded, using D65 illuminant and 2° standard colorimetric observer. While the
dye sites with the Aquagold injection covered a larger area than the aperture size, the dye
sites with the butterfly needle injection had very small dye stained areas compared to the
aperture size. The handheld spectrophotometer has various options for aperture sizes
including, LAV (large area view) SAV (small area view), and USAV (ultra-small area view).
For the experiment, an USAV was used to exclude the non-stained skin area during
measurements. USAV aperture includes 6.5 mm of illumination while measuring a 2.5 mm
area. Even with the smallest aperture size, unaffected skin colors could not be completely
excluded when measuring butterfly needle injected dye sites. Nevertheless, it was attempted
to get the best possible quantitative representation of dye stains.
The first color measurement was done one week after the injection and was then
repeated in a monthly cycle. The reason for the one-week delay after the injection was the
limited duration of anesthesia and the need for dye stabilization on the skin surface prior to
measurements which prevented reflectance measurements on the same day of the injection.
Since the experiment included the histological assessment as well as the color measurement,
biopsies were necessary for the process. All 120 dye sites were measured individually after
the biopsies were removed. Thus, when biopsies were taken on a monthly basis, the color
measurement was done for the remaining dye sites.
Both the reflectance spectrum and L*a*b* values of dye sites were obtained from the
spectrophotometer. The reflectance spectra were transferred from the device to the computer
to be converted to L*a*b* CIEDE 2000 color difference values. Measurements from relevant
sites were averaged according to their color and the injection method used. The first set of
color measurements were used as Standard values for each dye and injection method. Then,
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the standard L*a*b* values were compared with the subsequent measurements (batches) to
calculate ΔL*, ΔH*, ΔC*, and ΔE* values.
The basic colorimetric attributes can be explained as follows. L* represents lightness,
a* represents red/green component and b* represents yellow/blue component of a given color.
An L* = 100 corresponds to the lightest non-fluorescent white while L* = 0 corresponds to
the darkest black. Positive a* represents redness while negative a* represents greenness of the
color. Positive b* represents yellowness while negative b* represents blueness attribute of the
measured color.
The first biopsies were taken one month after the injections. The subsequent biopsies
were done with an interval of one month. One dye site was biopsied for each color and each
method. A total of 10 biopsies, including 5 dyes and 2 injection methods, were obtained
every month. The sites to be biopsied were chosen randomly from the grid using a Microsoft
Excel randomizing algorithm. The biopsy sites were not chosen based on the dye visibility.
Control specimens were biopsied on the first day and after one month. Before the biopsy, the
average of twelve measurements for each color and method was obtained. The number
decreased by one every month following the biopsies.
Biopsied dye sites were stored in plastic bottles filled with a formalin solution
provided by Cockerell Dermatopathology laboratory. A 4-mm punch biopsy was used which
was deep enough to capture fatty layers under the dermis. The biopsied samples were then
sent to Cockerell Dermatopathology lab within a week for analysis.
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Chapter 3. Results and Discussion
3.1. Color Assessment
On the day of the injections, all dyes were visible regardless of their colors or
injection methods. Fig 10 shows two distinctly different dye site types, i.e., big circular dye
sites and small colored dots. Big circular dye sites are from the Aquagold injection while
small colored dots are from the butterfly needle injection. Tiny blue dots around each dye site
are tattoo ink indications (Fig 10).

3.1.1. Assessment of Aquagold Injections
When Aquagold dye sites are observed closely, colors can be divided into blue, red,
and yellow. Blue dye sites can be divided into darker blue from Methylene Blue dye and
lighter blue from FD&C Blue 1 dye. From Figures 10, 11 and 12, it can be seen that the blue
dyes have high visibility and keep their color over a month. Although color fading could be
observed starting two weeks after the injection, the blue colors were still detectable.
However, one month after the injection day, dye sites showed inconsistent staining. Though
not all the dyes faded from the injection sites, they were not as clearly visible as in the
previous weeks. The visibility varied hugely within the blue dyes with Aquagold injection.
Some sites were as visible as those two weeks after the injection while others were almost
invisible. After the second and third months, only a limited number of dye sites with
Aquagold injections could be detected, and only with the help of site corner tattoo marks.
Partially visible blue dyes that were apparent after the first month were absent after
additional months from the start of the study.
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Figure 10. Dye injection sites on the day of injections.

Figure 11. Dye sites one week after injections.
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Figure 12. Dye sites two weeks after injections.

The results show that the dye sites using the Aquagold injection device maintained
their visibility for up to one month in the case of the blue dyes. The blue dyes were visible
until the second week and partially so at the end of the one-month period. Considering that
the human’s skin shedding cycle is about a month [23], and assuming that pigs have a similar
shedding property, it can be inferred that the dyes did not go deep enough into the skin and
that all the dyes were shed off along with the epidermis layer at the end of the one month
period. In other words, dyes must not have gone deep enough into the dermis layer. The blue
dyes could have been injected deeper into the dermis layer, but then they might not have
been able to stabilize or stain the dermis layer to keep the color visible for more than onemonth period.
The other circular sites appear either red or yellow and belong to yellow dye sites
(Riboflavin, β-Carotene, and Fluorescein). Although the Fluorescein dye has more reddish
color compared to other dyes, most of the yellow dyes injected via Aquagold show overall
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reddish appearances. The redness of the skin is likely due to the inflammatory reaction to
microneedles of Aquagold device and bruising due to the pressure applied to the skin to
transfer the colorants from the device into the skin. Aquagold has twenty 600-micron long
and 130-micron wide microneedles that are injected into the skin surface several times.
Repeated injections with these needles likely irritated the skin more readily compared to the
butterfly needle injection.
In the case of the blue dyes, when the red inflammatory reaction appears on the site,
blueness of the colorant is still evident, and this leads to a small shift in hue and darkening of
the region. The yellow dyes, however, show reddened inflammatory reaction behavior more
clearly due to their light yellowish hues. With a lower extent of visibility of the yellow dyes
on the first day of the injection, it could be inferred that these dyes would likely not have
high visibility on the following weeks in light colored skins.
Indeed, one week after the injection, most of the yellow dyes injected with the
Aquagold were no longer visible (Fig 11). The loss of color is suspected to be due to two
main reasons. It may have resulted from insufficient durability of these dye within dermis
layer or insufficient transfer of dye from the Aquagold device into the skin. The redness
caused by inflammation obscured whether the yellow dyes were actually injected into the
skin. Although an accurate cause of this observation is not yet known, the three yellow dyes
injected with Aquagold faded quickly compared to the blue dyes. This was also the case for
assessments under-UV light. While the dyes were clearly visible under UV on the first day,
both Riboflavin and Fluorescein injected with Aquagold lost a large portion of their
fluorescence after a week. However, even if the dyes were successfully injected into the skin,
any potential interaction of these dyes with the skin tissue remained unknown. This is
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discussed in detail in the following sections. Dyes could have also dispersed laterally or
diffused into blood vessels or glands in the dermis area.
The affinity of Fluorescein and β-Carotene dyes towards protein compounds (skin
and tissues) was likely not high and these dyes were in fact found to be ineffective in dyeing
silk fiber in a previous study [29]. Unlike the other two yellow dyes, the affinity of
Riboflavin to silk fibers was proven in the previous study [29]. The lack of visibility of
Riboflavin, despite having affinity towards protein, may have been due to insufficient
transfer of dye from the Aquagold device into the skin. The low solubility of the three dyes
may have also contributed to the challenge while the dyes were being injected with the
device. According to the Pylam’s Sample Information sheet, β-Carotene and Fluorescein are
listed as water-soluble/dispersible products (Appendix B). Riboflavin, according to SigmaAldrich, is stated to be a slightly water-soluble vitamin (Appendix C). However, when these
dyes were placed in distilled water to make a 1% solution, they gave turbid colloids or
suspensions. β-Carotene kept its dispersed form without any sedimentation and formed a
colloid. Riboflavin, on the other hand, formed a suspension, resulting in some sedimentation
a few minutes after preparation. Fluorescein underwent sedimentation as soon as the stirring
was stopped and formed a suspension with apparent large particles at the bottom of the
container. The concentration of Fluorescein was reduced from 1% to 0.25% to test whether
the precipitation was the result of its low solubility. However, even when the concentration
of Fluorescein was reduced to 0.25%, it still exhibited obvious particles that settled down
eventually. In the case of Riboflavin, lowering the concentration resulted in less suspension
form.
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Particles in suspensions have sizes larger than one micrometer. These large particle
sizes could have limited the smooth transfer of dye through the needles. Fluorescein, in
particular, was not easily transferred using the butterfly needle application. The Fluorescein
liquid had to be stirred vigorously to put the sediments back into the suspension form and to
use it the injection. However, even when it was mixed thoroughly, sedimentation of
Fluorescein particles was observed at the tip of syringes. With Aquagold microneedles
having smaller needle diameters compared to the butterfly needle, it is probable that the dye
particles may not have transferred completely into the skin.
Although the dispersed form of dyes was not helpful for their microneedle transfer,
they still have the potential for successful intradermal injection when using suitable devices
that can transfer all the sediments into the skin. When dyes are in a dispersion form, they are
not dissolved in a solvent, which means they are less stable compared to the solution form.
When these dispersions are injected into the skin tissues, the particles are more likely to be
entangled in the skin tissues compared to the well-dissolved solutions because the molecules
in dispersion form are less stable than a solution and willingly break out from their original
positions. For dyes to color/stain a substrate, the dye molecules need to be transferred from
the solvent and attached to the substrate. Dye particles in dispersion form would have less
physical or chemical affinity with the solvent and may have more preference to the substrate,
in this case skin tissue.

3.1.2. Assessment of Butterfly Needle Injections
Although on the first day the dye sites with butterfly needle injections were not as
significantly visible as the Aquagold injections exhibited distinguishable appearances.
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Differences in visibilities resulted simply from the difference in the surface area of injection
methods. The butterfly needle injects all the volume of dye solution within the intradermal
area using a single needle, whereas the Aquagold device utilizes twenty microneedles to
inject the same volume. The use of a larger number of needles will result in placing more dye
closer to the outer epidermis layer which improves its visibility; however, in the meantime
this will also cover a larger surface area. The colors appearing on the surface are mainly from
the dyes that are placed on the outermost skin layer. When the dyes were injected into the
dermal layer, some were transferred and deposited on the epidermis layer. In this case a
longer-term visibility within the dermis layer could be possible as the epidermis layer sheds
off.
The fluorescence property of the dyes after injection was also examined. The visible
sites were not counted, and the UV light was used to determine how many dye sites
fluoresced. The visibility of Riboflavin and Fluorescein under UV-light was not strong.
Yellow fluorescent colors were visible, but it was difficult to distinguish whether the
fluorescence was from spillage of dyes on the epidermis layer or from dyes inside the dermal
layer. None of the dyes injected using the Aquagold method were visible under the UV light.
This indicates that the dyes were not successfully transferred into the dermis using this
specific injection method.
All fluorescent dyes were visible under the UV light for up to two weeks. However,
after the second week, fluorescence intensities were too weak to correctly distinguish the
biopsy sites. Fluorescent dye sites became hard to discern due to some dyes running on the
skin possibly due to spillage and due to the fluorescence characteristics of pig skin. Possible
fluorophores on the pig skin are crosslinks of elastin, crosslinks of collagen or NADH
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(nicotinamide adenine dinucleotide) [50, 51]. All three components of skins have
fluorescence characteristics and their spectral range of absorption includes the UV range. The
autofluorescence characteristics of pig’s skin can blur the visibility of the injected dyes. The
Aquagold injected dyes became invisible over a shorter period compared to the other
injection method.
The diminishing dye appearances are also evident from the pictures taken at different
intervals after injection. Highly visible dye sites on the injection day were no longer visible
in the following weeks. One week after the injections, it was evident that the dyes had faded
considerably compared to the previous inspection (Fig. 11). The fading tendency was
especially prominent for all the yellow dyes (Riboflavin, β-Carotene and Fluorescein). The
yellow dyes were only visible from a close distance up until the first week and it was hard to
distinguish them without the aid of the tattoo markers on the corners of the site, starting from
the second week (Fig. 12). The blue dyes (Methylene Blue and FD&C Blue 1), on the other
hand were distinguishable and visible, but their measured chroma and lightness were reduced
as the time passed. Even though the blue dyes were visible, their visibility lasted only during
the first month. Fig 13 shows a few dye sites are visible on the skin surface.
The change became more significant one month after the injection when the yellow
dyes visually disappeared. At this point, even the blue dye sites from Aquagold injections
became indistinguishable. Only the blue dyes from the butterfly needle injection method
were visible at the end of the one-month period. Even for the butterfly needle injected blue
dyes, the results were not consistent, and it was hard to conclude whether Methylene Blue or
FD&C Blue 1 exhibited better visibility. Some of the black dots and red spots seen in the
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image are from the punch biopsies. No additional treatments such as suturing were done on
the biopsy sites and the biopsy locations were left open for full self-healing.
After the second and the third months, only a few blue dye markings were visible. As
it can be seen from Figures 14 and 15, tattoo inks and biopsied sites are clearly visible while
the blue dye sites are only slightly visible. Since the dye sites were only slightly visible,
possible risks for confusing these sites with scars or skin features would have to be
considered if these dyes are to be applied as markers on the human skin.
The overall visibility of dyes from both injection methods was very similar.
Nonetheless, the blue dyes had more visibility compared to the yellow dyes and butterfly
injections showed visibility for a longer period compared to the Aquagold injections. The
blue dyes were distinguishable after one month (Fig 13). They were also visible after two
months, when all the Aquagold injected blue dyes were no longer visible (Fig 14). One
particular factor that differentiates Methylene Blue dye from the other dyes was that the
Methylene Blue dye sometimes developed hyper-keratinized sites on the surface of the skin.
These hyper-keratinized sites looked just like scabs except that they had some blue color.
These sites eventually fell off after a few weeks, but they kept their visibility even after they
had fallen off from the application sites. The hyper-keratinization did not occur for all the
Methylene Blue injected sites and were only observed on the butterfly needle injections and
occurred to approximately one-third of the Methylene Blue sites.
The yellow dyes were not visible one month after injections. The difference between the
Aquagold injections and the butterfly needle injections is that butterfly needle injections
often show visible needles marks. Even when the colors were no longer visible, needle marks
were visible in the dye sites in approximately one out of ten sites.
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Figure 13. Dye sites one month after injections.

Figure 14. Dye sites two months after the injection. The red circle represents a dye
site from the butterfly needle injection.
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Figure 15. Dye sites three months after the injection. The circles represent Methylene
Blue dye site with the butterfly needle injection. The red circle shows the needle mark
while the yellow circle shows blue shade under the skin.

3.2. Spectrophotometric Measurements
The color difference, represented by ΔE or DE, is the quantification of perceptual
difference between two given colored stimuli. The International Commission on Illumination
(CIE) first developed the concept of ΔE in 1976 and further developed the concept through
repeated corrections. Three formulas, ΔE76, ΔE94, and ΔE00, have been approved by the CIE
and used up to this point. The ΔE76 was calculated based on the Euclidean distance of two
color points in the CIE L*a*b* 1976 color space (CIELAB). Although ΔE76 was an effective
model for simple color difference calculation, some flaws prevented the accurate
reproduction of true perceptual color differences. Thus, ΔE94 and ΔE00 formulas were
developed to overcome these issues. The development of ΔE94 model involved the
introduction of lightness, chroma, and hue weighting functions and the newer ΔE00 model
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improved the performance of this formula by keeping the proposed functions while adding an
adjusted interaction term between chroma and hue differences that was primarily designed to
resolve problems with specification of differences for blue colors. In addition, CIELAB a*
was rescaled to improve the performance of the model for gray colors [52]. Since ΔE00 is the
most recent CIE recommended model and has the most accurate representation of perceptual
color differences among the three listed formulas, it was used for calculation of color
differences in this research.
Quantitative spectral reflectance data were collected using a portable Datacolor
Check 3 spectrophotometer. The collected reflectance data were converted to CIE L*, a* and
b* colorimetric attributes using Matlab. The standard L*a*b* values for the pig skin and the
dyes are documented in Table 2. The first row shows the standard skin color, which was
calculated using three skin measurements taken on the day of the injection. The color values
of other standards were calculated using measurements of dye sites one week after the
injections. The skin standard and the color standards were used to calculate color differences
over a 3-month period. The overall color changing trends were observed using ΔE00. Along
with the color difference calculation, lightness, chroma and hue differences (ΔL, ΔC and ΔH)
were also calculated. However, the most important factor to consider was ΔE00 values. The
color change values correspond to color fading over time. ΔE00 values between 1 and 5 are
considered small color differences. When ΔE00 > 2, the color difference is noticeable even
for the untrained personnel. The larger ΔE00 values represent higher degrees of color fading
or change for the dye sites.
During the dye injection on the first day, some of the dyes were evident on the skin
surface due to dye spillage. To minimize the measurement of excess superficial dyes, the dye
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sites were rinsed with water. Rinsed sites were dabbed with paper towels to avoid abrasion
and pressure that might affect dye movements. After the sites were completely dried, the
spectrophotometer was placed on each dye site for the color measurement.
Spectral reflectance data were collected for a total of 120 dye sites (Fig 5). The
numbers were divided based on the dye type and the injection method. Twelve dye sites were
composed of the same dye types and the same injection method, which were measured and
then averaged. Thus, twelve FDC Blue 1 dye sites using Aquagold injection were taken into
average while twelve FDC Blue 1 dye sites using butterfly needle injection were averaged
separately. The measurements taken a week after the dye injection became the standard while
the measurements taken afterwards were considered as batches. After biopsies were removed
from the sites, the number of the dye sites taken into average was reduced to eleven after a
month and ten after the second month.
The schematic color representations of the standard L*a*b* values are presented at the
“color” column in Table 2. These colors are presented to indicate how the dyes that stained
the skin may be digitally rendered via spectrophotometric measurements. Although the colors
are approximate reconstruction of L*a*b* values, it should be noted that they can be perceived
differently depending on the output devices and illuminants used. Depending on the color
profile and the gamut different devices may reproduce and exhibit the same L*a*b* values
differently. For example, colors displayed on a computer screen could appear differently on a
smartphone or in printed version. The color rendition defines the situation where the
appearance of the same object changes according to different illuminations. Thus, observed
dye site colors from the pig’s skin may not be perceptually similar to the schematic colors
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depicted in Table 2. Therefore, the schematic colors are presented only as supporting
material and not to be considered as accurate reproduction of dye stains on the skin.
It was observed that the measured L*a*b * values have different color appearance
compared to their original solution or powder colors. The colors of dyes in their solution
form are shown in Fig 18. Table 2 indicates that Methylene Blue and FD&C Blue 1 gave
distinctive blue colors while Riboflavin, β-Carotene, and Fluorescein dyes showed rather
grayish colors. It should be noted that the dye sites with yellow dyes were not showing any
near-yellow characteristics under the spectrophotometric measurement. Such results were
predictable from the earlier color assessments where most of the dye sites lacked a yellow
appearance. Fig 11 shows the visible dyes at the one-week period where yellow dyes were
not evident. It could be concluded that the grayish colors were produced because of the
mixture of yellow dye spots and original skin colors. It is difficult to define the exact reason
behind the appearance of grayish colors just from the spectrometric results, but possible loss
of dyes within the sites should be explained in Section 1.3.3.
The digitally rendered color of the Standard (skin) is reasonably close to the color of
the pig skin. The L*a*b* values of the Standard (skin) were used to calculate the color
difference between the original skin color and colors imparted as a result of injections (Fig
16). The largest ΔE00 were obtained for the colors seen in the first week and the values
decreased eventually until all the visible dyes were lost and only the color of the skin
remained. Fig 16 can be interpreted as showing how much color from the dye sites was
visible when compared to the surrounding skin. Values in Fig 17 were calculated based on
the same sites’ color difference values. The standards in Fig 17 are from the first
measurements of dye sites one week after the injections as shown in Table 2. The loss of
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color is evident in this figure since color differences were calculated between the same dye
injected sites. Both figures show color differences over a three-month period.

Table 2. Standard L*a*b * values one week after the injection.
(ID - intradermal butterfly needle injection. AQ - Aquagold injection)
Digitally
After 1 week
L*
a*
b*
Rendered Colors
Standard (skin)

79.79

3.07

5.37

FDC1_ID

64.15

-8.81

-3.90

MB_ID

48.88

-3.49

-12.78

F_ID

70.07

-2.81

5.27

RF_ID

69.06

-1.41

6.90

BC_ID

72.82

-0.87

4.04

FDC1_AQ

68.06

-8.18

-1.38

MB_AQ

63.25

-5.40

-4.16

F_AQ

70.09

-0.76

5.69

RF_AQ

70.33

-1.05

4.10

BC_AQ

71.44

-1.12

4.02

Fig 16 depicts the color assessment results from Section 1.3.1. The analysis of ΔE
values of the first week shows that the dye sites with MB_ID have significantly higher ΔE
values of 30.73 compared to the original skin color. High ΔE indicates that the dye was
evidently noticeable from the surrounding skin color. The next three dye sites with high ΔE
values are FDC_ID, MB_AQ, and FDC_AQ, which correspond to the high visibility of blue
dyes in visual assessments. MB_ID shows a significantly high color difference value and
other blue dye sites also have ΔE values higher than 15 for the first measurement period. For
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the remaining sites with yellow dyes F_ID exhibited the highest ΔE of 10.90 and BC_ID
showed the lowest ΔE of 7.50.
Regardless of dye types, all dyes were discernible compared to the skin color on the
first week according to the spectrophotometric measurements. The main reason for high
visibility of dyes on the first week could be described in two ways. First, the visibility comes
from dyes staining the epidermis layer of the skin. Some of the dyes stained the epidermis
layer due to inevitable dye spillage that occurred during the injection processes. The other
possible reason is that the dyes had insufficient time for either lateral or vertical diffusion
within the dermis layer.
Fig 16 depicts the color assessment results from Section 1.3.1. The analysis of ΔE
values of the first week shows that the dye sites with MB_ID have significantly higher ΔE
values of 30.73 compared to the original skin color. High ΔE indicates that the dye was
evidently noticeable from the surrounding skin color. The next three dye sites with high ΔE
values are FDC_ID, MB_AQ, and FDC_AQ, which correspond to the high visibility of blue
dyes in visual assessments. MB_ID shows a significantly high color difference value and
other blue dye sites also have ΔE values higher than 15 for the first measurement period. For
the remaining sites with yellow dyes F_ID exhibited the highest ΔE of 10.90 and BC_ID
showed the lowest ΔE of 7.50.
Regardless of dye types, all dyes were discernible compared to the skin color on the
first week according to the spectrophotometric measurements. The main reason for high
visibility of dyes on the first week could be described in two ways. First, the visibility comes
from dyes staining the epidermis layer of the skin. Some of the dyes stained the epidermis
layer due to inevitable dye spillage that occurred during the injection processes. The other
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possible reason is that the dyes had insufficient time for either lateral or vertical diffusion
within the dermis layer.
After one month, the ΔE values decreased significantly for all blue dyes. MB_ID still
had the highest ΔE value of 17.61 while MB_AQ had the lowest ΔE value of 7.18. The dye
sites with yellow dyes had ΔE values between 5 and 7, which is considered large enough to
be discernible color differences. However, it should be noted that yellow dye sites exhibited
similar ΔE values over the three-month period. As mentioned earlier, all dyes became
invisible at the third month period both based on the histological and visual assessments (Fig
15). Keeping similar L*a*b * values after one month until the end of the third month period
denotes that dyes were likely not present and thus did not affect the L*a*b * values over the
period. Thus, while one month after injections yellow dye sites were evident, the only
distinctively visible dye sites after one-month period were MB_ID, FDC_ID, and FDC_AQ.
Results in Fig 16 show that most ΔE values converge at the 2-month period. Although
the converging value is not zero it can be inferred that dyes disappear or remain in trace
amounts after the two-month period. The offset could be interpreted as alterations in the
color of pig’s skin. Since the animal was kept growing in size during the experiment, the skin
color may have changed throughout the research. Otherwise, the three standard skin
measurement values were not sufficient to accurately represent the actual average L*a*b *
values of animal skin.
The graphical trends validate the loss of dyes that were noted through visual
assessments. After two months, most of the dyes were invisible on the dye sites. Similar ΔE
values were obtained in the third month, which further confirm the lack of dyes in injection
sites and no significant changes in spectrophotometric measurements.
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Along with color difference (ΔE) values, differences in chroma, hue, and lightness
(ΔC, ΔH, and ΔL) were also calculated and listed in Tables 4, and 5. However, these data
were not analyzed in detail due to the inconsistent trends observed throughout the threemonth observation period and the emphasis was put on ΔE values shown in Table 3.
The overall color change can also be observed using the data that analyses the
comparison of color against the same site (Fig 17). While Fig 16 compares the dye sites
against the normal unaffected skin, Fig 17 compares the same dye sites over a three-month
period to enable observation of the loss of color for each site. Since the comparison was
made with the standard L*a*b* values measured after the first-week, only three subsequent
measurements were obtained for each dye and injection method.
The results in Fig 17 depict the amount of color faded over time. Results, once again,
indicate the validity of visual, and show the lines reach a plateau. When the lines reach a
plateau, no or minimal changes in color appearances are obtained. The consistent shape of
variations in color appearances for different dyes can be attributed to either a complete loss
of dyes or permanent staining of skin by the dyes. However, as already mentioned visual
observations showed that all the dye sites eventually lost their colors as depicted in Fig 16.
Dye sites that do not reach a plateau after a three-month period are FDC_ID, MB_ID,
FDC_AQ, and MB_ID. These results are consistent with the visual assessment results
reported in Section 1.3.1. All blue dye sites had drastic ΔE changes from the first month to
the second month and then exhibited a plateau from the second to the third month. Such
behaviors over a three-month period suggest blue dyes were apparent only for the first month
and no longer were clearly visible after the second month. This was consistent with both
visual assessment results and with results shown in Fig 16. On the other hand, none of the
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yellow dyes showed significant ΔE changes in visibility. Consistent ΔE values in Fig 17
show that colors were no longer visible either due to not having sufficient staining power or
due to insufficient visibility of these dyes against the skin color.
Compared to the dye sites with Aquagold injections, dye sites with butterfly needles
show more drastic changes in ΔE from the first to the second month period, signifying that
butterfly needle injection is a better method for staining the skin.
The plateau of ΔE appears for all dye sites after the second month period. According
to the visual assessment results in Section 1.3.1, most of the dyes faded and were
imperceptible to human eyes two months after the injection, consistent with the hypothesis
that the plateau implies a complete loss of dyes.
The spectrophotometric results shown in Figures 16 and 17 confirm the visual
assessment results. Detailed results indicating the range and associated error for each of the
dyes are shown in Appendix F. The blue dyes stayed visible on the skin more than one
month. Methylene Blue performed better than FD&C Blue 1, and butterfly needle injection
was more effective than Aquagold injection. Considering its visibility efficacy, Methylene
Blue directly injected into the skin with butterfly needles exhibits the best performance for
use as a biopsy marker. The shortcoming of the approach is the duration of the visibility of
this colorant on skin. Currently, this dye is considered effective for a one month to 45 days
period but does not show excellent prominence after two months.
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ΔE00 compared to original pig skin color
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Figure 16. The CIE ΔE00 values for dyes injected over a three-month period compared with
the standard skin color
Table 3. The CIE ΔE00 and ΔLʹ values for dyes injected over a three-month period compared
with the standard skin color.
ΔE00
Dyes/month
FDC Blue 1
Methylene
Blue
Fluorescein
Riboflavin
β-Carotene

ID
AQ
ID
AQ
ID
AQ
ID
AQ
ID
AQ

0
20.40
17.74
30.73
18.63
10.90
8.91
10.21
9.05
7.50
8.50

1
15.58
13.06
17.61
7.18
7.01
6.09
5.40
5.14
5.38
5.88

ΔLʹ
2
5.26
6.09
5.56
4.89
5.22
5.61
5.83
5.03
5.44
5.93

3
0
1
4.27 -11.83 -8.03
4.88 -8.67 -5.20
6.09 -25.65 -14.94
3.95 -12.57 -4.86
4.36 -7.11 -3.30
4.45 -7.10 -2.39
5.00 -7.89 -3.67
4.36 -6.91 -2.70
4.11 -5.02 -2.91
4.31 -6.06 -2.85

2
-3.54
-3.06
-3.54
-2.74
-3.62
-2.35
-2.88
-3.52
-2.45
-2.96

3
-2.80
-2.33
-4.55
-3.12
-2.21
-2.35
-2.17
-2.78
-3.00
-2.55
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Table 4. The CIE ΔCʹ and ΔHʹ values for dyes injected over a three-month period compared
with the standard skin color.
ΔCʹ
Dyes/month
FDC Blue 1
Methylene
Blue
Fluorescein
Riboflavin
β-Carotene

ID
AQ
ID
AQ
ID
AQ
ID
AQ
ID
AQ

0
4.53
3.65
4.60
1.48
-0.25
-0.98
0.12
-2.13
-2.25
-2.16

1
1.74
0.56
-2.79
-3.30
-2.27
-2.64
-1.06
-2.33
-2.28
-2.75

ΔHʹ
2
-1.87
-1.95
-1.94
-2.33
-1.68
-2.49
-2.13
-2.24
-2.41
-2.01

3
-2.37
-2.74
-3.07
-1.60
-2.97
-2.37
-2.92
-2.71
-2.03
-2.19

0
1
-15.99 -13.24
-15.04 11.97
-16.29 -8.88
-13.66
4.13
8.26
5.75
5.30
4.93
6.47
3.82
5.43
3.70
5.09
3.91
5.55
4.35

2
3.41
4.89
3.83
3.31
3.36
4.45
4.59
2.81
4.22
4.73

3
2.19
3.30
2.63
1.82
2.31
2.95
3.43
1.99
1.95
2.70

ΔE00 over 3 months against the same site
30.00
FDC_ID

ΔE00 Values

25.00

MB_ID
F_ID

20.00

RF_ID
15.00

BC_ID

10.00

FDC_AQ
MB_AQ

5.00
0.00
1 month

F_AQ
RF_AQ
2 months

3 months

BC_AQ

Figure 17. The CIE ΔE00 values for dyes injected over a three-month period compared with
measurements of the same dye site after the first week.
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Table 5. The CIE ΔE00 and ΔLʹ values for dyes injected over a three-month period compared
between the same dye sites. The standard L*a*b* values are stated in Table 2 for each color.
Dyes/month
FDC Blue 1
Methylene
Blue
Fluorescein
Riboflavin
β-Carotene

ID
AQ
ID
AQ
ID
AQ
ID
AQ
ID
AQ

1
5.50
4.97
14.17
11.66
4.44
5.03
4.88
4.44
2.34
3.34

ΔE00
2
15.26
11.63
26.85
14.12
5.54
4.99
5.52
4.03
2.66
3.22

3
15.92
12.49
25.38
14.90
6.81
5.17
6.60
4.88
3.39
4.25

1
3.82
3.49
11.01
7.74
3.81
4.71
4.23
4.21
2.12
3.49

ΔLʹ
2
8.31
5.62
22.25
9.85
3.49
4.75
5.01
3.39
2.57
5.62

3
9.04
6.35
21.26
9.47
4.90
4.75
5.73
4.13
2.02
6.35

Table 6. The CIE ΔCʹ and ΔHʹ values for dyes injected over a three-month period compared
between the same dye sites. The standard L*a*b* values are stated in Table 2 for each color.
Dyes/month
FDC Blue 1
Methylene
Blue
Fluorescein
Riboflavin
β-Carotene

ID
AQ
ID
AQ
ID
AQ
ID
AQ
ID
AQ

1
-2.82
-3.10
-7.34
-4.77
-2.03
-1.66
-1.17
-0.20
-0.03
-0.59

ΔCʹ
2
-6.38
-5.58
-6.48
-3.81
-1.43
-1.51
-2.24
-0.11
-0.16
0.15

3
-6.87
-6.36
-7.59
-3.08
-2.73
-1.39
-3.03
-0.59
0.23
-0.03

1
-2.78
-1.72
-5.06
-7.30
-1.02
0.62
-2.14
-1.38
-1.00
-0.67

ΔHʹ
2
-11.10
-8.52
-13.56
-9.37
-4.06
0.03
-0.58
-2.17
-0.67
-0.82

3
-11.16
-8.68
-11.60
-11.09
-3.87
-1.50
-1.23
-2.53
-2.71
-2.40

3.3. Biopsy and Clinical Assessment of First Experiment
Biopsies collected in formalin bottles were sent to Cockerell Dermatopathology for
histological assessment (Appendix D). The results included an examination of the presence
of dyes, the depth of dye, morphology, and potential inflammations. The dermatopathology
results from different timetable are listed in Tables 7 and 8.
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Table 7. Histological assessment results for all biopsy sites over a 3-month period.

Skin Type

Control sample

Control sample

Remaining ten
sites

MB(ID)

MB(ID)

MB_AQ,
BC_ID

FDC_ID, F_ID,
MB_ID,
FDC_AQ,
RF_ID,
BC_AQ,
RF_AQ, F_AQ

Day since
injection

1st day

After 4 weeks

After 4 weeks

After 4 weeks

After 2 weeks

After 8 weeks

After 8 weeks

After 8 weeks

Dye present

No

No

No

Yes

Yes

No

No

No

N/A

N/A

N/A

MB_AQ,
BC_ID

Depth

N/A

N/A

N/A

Into upper
reticular
dermis

Just beneath
papillary
dermis, dye
present only
as tiny
particles

Morphology

Sparse infiltrate
with few
lymphocytes

Sparse infiltrate
with few
lymphocytes

Sparse infiltrate
with few
lymphocytes

Purulent scale
crust and
superficial
scar

Purulent scale
crust with
eosinophils

Normal skin
with sparse
inflammation

Normal Skin

Normal skin
with sparse
inflammation

Inflammation

Few
lymphocytes

Few
lymphocytes

Few
lymphocytes

Eosinophils
and
lymphocytes

Eosinophils

Few scattered
lymphocytes

No

Few scattered
lymphocytes
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Table 8. Histological assessment results of the biopsies taken on the day of injection.
Dye Type
Dye present

Depth

FDC Blue Methylene Fluorescein Riboflavin Flavin
β1
Blue
Mononucleotide Carotene
Brownish
No
No
No
No
No
granular
material
underneath
papillary
dermis

0.5mm
deep
Morphology Normal
skin
Inflammation No

N/A

N/A

N/A

N/A

N/A

Normal
skin
No

Normal
skin
No

Normal
skin
No

Normal skin

Normal
skin
No

No

The primary purposes of the histological assessments were to observe the existence of
dyes and tissue reactions to the dyes regarding safety. All the biopsy results, regardless of
control or dye sites, exhibited a response that indicated sparse infiltrate with a few
lymphocytes and inflammation. Infiltration suggests that certain substances were
accumulated or diffused in tissues or cells. Since needles were injected into the dermis layer,
the results can be interpreted as a few lymphocytes accumulated within the biopsy tissues due
to an immune response. From the fact that all the biopsy sites exhibited the same morphology
and inflammation even from sites that did not contain dye, it is safe to suggest that the dyes
were not the main trigger for infiltration and inflammations observed. Instead, changes in
morphology and inflammation likely occurred during dye injection. After a needle cuts
through the skin’s outer layer, a few lymphocytes may initiate the wound healing and tissue
repair process [53]. Since infiltration and inflammations were not present for most of the
biopsies collected in the 8th week, wounds from the prior injection sites must have healed by
the 8th week.
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The presence of dyes in biopsies must be analyzed in detail. Out of twenty-two dye
site biopsies sent out for histological assessments, only two biopsies showed the existence of
dyes. This was an unexpected result in that many dye sites had observable colors on the
surface of the skin. Both blue dyes (Methylene Blue and FD&C Blue 1) were visible, and
some of the yellow dyes (Fluorescein, Riboflavin, and β-carotene) injected via butterfly
needles were also apparent on the skin before biopsies were collected. However, the only
detected dye according to the histological analysis was Methylene Blue dye at the 2nd and 4th
week collection period (Table 7).
Both visible sites with Methylene Blue dye were from butterfly injection method.
Dyes were present on the upper reticular dermis and under the papillary, in the 4th week and
2nd week respectively. Since the papillary dermis is the upper layer and reticular dermis is the
lower layer of the dermis, it is reasonable to anticipate that the dyes would be present within
the dermis layer. In addition, the butterfly needle injection method was found to be more
effective than the Aquagold injection for depositing dyes into the dermis region.
The two biopsied tissues with Methylene Blue dye had another common feature,
which was the presence of eosinophils. Eosinophils are one type of white blood cells which
function as body’s first line of defense and react against foreign substances. They are usually
found in parasitic infestation or allergic reaction sites [54]. Thus, eosinophils observed from
the biopsy inflammations were suspected to occur from skin tissue’s allergic reaction to
Methylene Blue dye. It has been noted from other studies that Methylene Blue dye can cause
allergic reactions and skin lesions when applied intradermally [55, 56]. However, many
studies regarding pruritus ani have confirmed the safety of intradermal injection of
Methylene Blue. Only mild side effects such as staining, numbness, and slight swelling were
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reported to have occurred from Methylene Blue intradermal injections [57-59]. The skin
lesion risk could be further reduced when diluted Methylene Blue solution is used [56]. To
address any safety concerns with Methylene Blue dye, lowering the concentration of
Methylene Blue may be considered in future studies.
The two biopsy sites that contained dyes also had purulent scale crust morphology in
common. The purulent scale crust refers to the presence of serum, blood and neutrophil
accumulation at the epithelial surface of the injection site. The observed scale crust may be
from the hyper-keratinized dyes that were visible on the skin surface. As mentioned in
Section 1.3.1, scab-like keratinized sites occurred only from the Methylene Blue dyes that
were injected using the butterfly needle injection method. This hardened skin feature shows
that Methylene Blue responds to serum or blood more readily compared to the other tested
dyes.
Based on the observed safety record reported in the literature and its relatively longlasting visibility and durability within the skin, Methylene Blue dye may be regarded as a
potential biopsy marker. Among all the dyes, Methylene Blue was the only dye that was
detectable in the dermis layer. However, Methylene Blue was present in biopsy sampled only
up to the 4th week period. All the biopsies punched on the 8th week showed no dyes in the
analyses of the samples. Some of the samples collected in the 8th week period contained a
few lymphocytes and inflammation while others exhibited perfectly normal skin. Since there
was no correlation between dye sites that showed inflammation and the dyes used, it may be
assumed that the observed differences in the morphology of biopsies occurred from skin
variation and not from specific dye types. Some dye sites exhibited increased inflammation
for longer periods while other injection wounds fully healed. Since these differences were not
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based on the type of dyes or their interaction with pig skin, due to time and resource
restrictions, other possible causes for observations were not explored further.
The lack of dye in biopsy samples collected in the 4th week, according to the
histological results, indicated the need for additional experiments to determine the possibility
of dye movement within skin structures. Since some dyes were visible before the biopsy but
were not observed in the histological analysis of samples, it was suspected that formalin,
used as a tissue fixative and embedding agent, might have reacted with or dissolved the dyes
within the tissues. Formalin is composed of formaldehyde and water. The tissue fixation is
crucial in histopathology to prevent any biochemical reactions in biological tissues after
samples are removed from the site.
Using butterfly needles, six dyes were injected intradermally into the pig’s skin to
observe the extent of dye present in biopsied samples from injection sites on the injections.
Based on the presence (or lack) of dyes within biopsies, potential dye-formalin interactions
or associated issues could be determined.
One additional dye, FMN, was tested along with the other dyes to examine its
performance as a biopsy marker and for comparison. After dye injections, the biopsies were
punctured out in less than 15 minutes. These six biopsies were sent for histological
examination. All biopsy samples were placed in bottles containing formalin for the fixation
before shipping for analysis. One interesting observation during the collection of new
biopsies was that as soon as the biopsy tissue samples were placed inside the bottles, the
color of formalin changed according to the type of dye used, as shown in Fig 18. With such a
readily visible color change in formalin, one might anticipate that the histological assessment
results would indicate a presence of dye within tissues.
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Figure 18. Tissue samples of different dyes injected and collected on the same day. From left
to right: Flavin Mononucleotide, β-Carotene, Riboflavin, Fluorescein, Methylene Blue, and
FD&C Blue 1.

However, the histology results in Table 8 showed no evidence of dyes within the
biopsies except for the sample containing FD&C Blue 1 dye. It should be noted that the color
change of formalin solutions was not observed in any previous biopsy samples that were
obtained at the 2nd, 4th, and 8th week periods. The results were also different from those
obtained previously, which showed Methylene Blue dye was present in the collected tissue.
Consequently, it was decided to further examine the reason for the presence of visible color
change in formalin and the lack of such change in biopsies collected previously. These
observations, however, suggest the possibility of interaction between dyes and formalin.
One possible reason for dye loss in biopsies could be due to dissolution of dyes in
formalin. If dyes are attracted to formalin solution more than to skin tissues, they could be
removed from the biopsied tissues by the solvent. The extent of chemical bonding between
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dyes and dermal layer structures could thus affect the extent of solubility of dyes in formalin.
A simple experiment was therefore conducted to examine the solubility of dyes within
formalin solution assuming that there is absolutely no bonding between dyes and skin.
Solutions of dye-formalin-(1%) were prepared for all six dyes. Fig 19 shows the dissolving
properties of formalin for each dye. Although three yellow dyes exhibit turbid suspensions,
their appearance in Fig 19 supports the idea that all dyes may be fully or partially dissolved
in formalin solutions.

Figure 19. Examination of the solubility of the six dyes in formalin.

The solubility of dyes in formalin solution could be inferred from the fact that
formalin is an aqueous formaldehyde solution. Since dyes were dissolved reasonably well in
water, it was difficult to specify whether the loss of dyes in biopsy samples was due to water
or formaldehyde. Formaldehyde is a very active aldehyde which will dominantly form a
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hydrated (1,1-diol) form in aqueous conditions. If the dyes are not chemically bonded to the
proteins and thus not strongly held in the dermis layer, the formalin solution could dissolve
them when the tissue containing the dyes is placed in the solvent.
However, results in Table 8 do not portray a clear picture as to why FD&C Blue 1
was observed in the biopsy sample when all other dyes were no. Since additional samples
and repeated experiments were not performed, a solid reason for this observation could not
be provided. This may have been due to small amounts of dye remaining in some sites. It was
also difficult to specify whether the ‘brownish granular material’ had derived from FD&C
Blue1 dye or from the skin itself. The color difference between the injected dye and the
observed material in the biopsy suggests that the material may have not derived from the dye.
Thus, it was suspected whether potential impurities might have been present in FD&C Blue 1
dye used for the experiments. MSDS sheets did not specify the % composition of the FD&C
Blue 1 dye. Thin-layer chromatography (TLC) was used to determine the existence of
brownish impurities in the dye and this was considered to help elucidate the histological
results.
For the TLC, two different solvents were used to separate components in the
mixtures. Solvent one was 8:3:4:4:3 butanol: ethanol: methanol: pyridine: DI H2O. Solvent
two was 2:2:1 butanol: methanol: acetic acid. Neither of these eluents resulted in resolving
FD&C Blue 1 dye and only one blue spot was present on the TLC plate for all the repeated
trials shown in Fig 20. The TLC results verified that brownish granular materials were not
from FD&C dye impurities. Another possible source of the brownish substance may have
been melanin pigments. Although melanin usually exists in the epidermis layer, it is usually
found in the basal layer, which provided a possibility for the observed results. However,
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since none of the other biopsies showed a visible brownish granular material and since
melanin would naturally be distributed uniformly throughout the skin in significantly smaller
sizes, the possibility melanin pigment being the source of the brownish granular material
would be very slim. One likely source of the impurity was considered to be the unusual skin
features that may have been present in that particulate dye site.
Another possible explanation for the lack of dyes in biopsied tissues could be due to
inadequate time provided for the dyes to interact with the skin tissues. Since the biopsies
were punched within 30 minutes of the dye injections, dyes may have not had time to from a
stable and strong attachment to the dermal tissues. Considering that the interaction between
dyes and the media from which they are applied requires time and appropriate conditions for
the formation of durable and uniform colors, the staining of skin tissues in the minimal time
provided and the lack of control over conditions may have prevented the formation of strong
bonds between dyes and the skin. The insufficient attachment between dyes and skin is one
reason for the presence of visible colors in formalin but none in biopsied tissues.
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Figure 20. TLC purity testing of FD&C Blue 1, left with solvent number one containing
butanol: ethanol: methanol: pyridine: DI H2O (8:3:4:4:3). Solvent 2 was butanol: methanol:
acetic acid (2:2:1).

Based on the histological results shown in Table 8, additional hypotheses were considered to
explain the lack of dyes in the biopsied skin tissues. Dyes, unlike pigments, stain the
substrate when they have chemical affinity toward the substrate. In the case of this study, the
affinity should exist between the proposed dyes and dermis. Depending on the classification
of dyes, their interaction with skin would vary. Thus, a basic understanding of the chemical
structure and the classification of each dye is necessary. Table 9 shows the all the basic
characteristics of each dye used in the research.
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Table 9. Basic characteristics of each dye.
β-Carotene

Fluorescein

FD&C Blue
1

Methylene
Blue

C40H56

C20H12O5

536.89

332.31

C37H34N2Na2
O9S3
792.85

C16H18ClN3S

376.37

Flavin
mononucleotide
C17H21N4Na
O9P+
479.338

Dye Class

Natural Dye

Natural Dye

Pigment

Solvent dye

Acid dye

Basic dye

Solubility in
water

Poor water
solubility
(slightly
soluble)

More
soluble in
water than
Riboflavin

Insoluble

Insoluble or
slightly
soluble

Soluble

Soluble

Colorants

Riboflavin

Formula

C17H20N4O6

MW g·mol−1

319.85

3.4. Dye Characteristics and Possible Dye Loss Mechanisms
FD&C Blue 1 is an acid dye that is used in food coloring. Acid dyes are used when
dyeing protein or nylon fibers and they interact with the medium primarily through ionic
bonding. One characteristic of acid dyes is that they contain sulfonate, or sulfonic acid,
groups. Sulfonate groups make compounds readily soluble in water and their negatively
charge form in an aqueous medium, providing the possibility of bonding with cationic
charges on the substrate. The application of acid dyes normally occurs in acidic or neutral
conditions. The chemical structure of FDC Blue 1 is given in Fig 3a. Although blood vessels
have slightly alkaline properties, proteins formed from amino acids are assumed to be present
in a neutral or zwitterionic state. The fact that the protein fibers tend to degrade chemically
under strong alkaline conditions suggests that proteins, presumably including skin tissues, are
maintained in stable, albeit slightly, acidic conditions [60]. Fig 21 shows how typical protein
fibers can attain a positive charge under acidic conditions and are bonded to FD&C Blue 1.
Other secondary interactions such as van der Waals forces and hydrogen bonding are also
involved to support the ionic bonds formed. FD&C Blue 1 was expected to show good
staining efficacy because of its similar structure to FD&C Green 3, also called Fast Green
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FCF. This latter dye is used for trichrome staining along with Sirius Red dye to stain protein
fibers and distinguish between collagen and non-collagen proteins [61]. The use of FD&C
Green 3 for histochemical staining give more credibility to FD&C Blue 1 dye as a potential
marker.
Sulfonate groups in FD&C Blue 1 could ionically bond to cationic groups present in
the proteins in dermis. The dermis matrix is mainly composed of collagen, elastin and ground
substances. All of these are composed of protein and more specifically, amino acids, which
are potential sites for interactions with FD&C Blue 1. The primary amino acid structure is
composed of α-carboxylic acid at one end and α-amino group on the other end. In between
the two ends, variable side chains exist to give each amino acid their special functionalities.
These amino acids are linked by peptide bond between carboxylic acid end and amino group
to form peptide chains. In addition to the end amine groups, some amino acids contain
positively charged side chains. These amino acids are Arginine (Arg), Histidine (His) and
Lysine (Lys) (Fig 22). The mean amino acid composition of twenty-three Mammalia skin
collagen was measured in one article (Table 10) [62]. The composition percentage of the
positively charged amino acid is not very high and is listed as the 6th abundant amino acid in
common mammal collagen. Although this percentage is not significant compared to the top
three amino acid compositions, these amino acids would provide sufficient binding sites for
injected FD&C Blue 1 dye.
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Table 10. Mean amino acid compositions for mammals [62].
Mammalia (n = 23)
Gly

329 ± 18

Pro

126 ± 6

Ala

109 ± 8

Hyp

95 ± 7

Glu

74 ± 3

Arg

49 ± 3

Asp

47 ± 3

Ser

36 ± 5

Lys

29 ± 4

Leu

24 ± 3

Val

22 ± 3

Thr

19 ± 4

Phe

13 ± 2

Ile

11 ± 2

Met

6±2

His

5±3

Hyl

6±1

Tyr

3±2

Figure 21. Schematic representation of ionic bonding between FD&C Blue 1 and a protein
structure.
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Figure 22. Twenty-one amino acid types and their chemical structure [63].

Methylene Blue dye is categorized as a basic dye. With the positive charge shared by
nitrogen and sulfur atoms via resonance, the dye contains an overall cationic charge (Fig 3b).
Methylene Blue is soluble in water and can interact with anionic sites available in the skin
tissue. Amino acids that contain negative charged side chains are Aspartic acid (Asp), and
Glutamic acid (Glu). The chemical structures of these amino acids are shown in Fig 22. The
composition of these amino acids in the average mammal collagen is not small (Table 10).
Thus, the negatively charged carboxylates in these structures could interact with the
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positively charged Methylene Blue dye molecules. This staining property for Methylene Blue
via ionic bonding is widely used in various medical applications such as chromoendoscopy,
sentinel lymph node dissections and other intravital staining [64-66].
Both acid dyes and basic dyes are susceptible to light degradation, especially to UV.
Basic dyes are known for their poor lightfastness while acid dyes are typically considered
more lightfast than basic dyes. Although it is appropriate to take account of color fading due
to lightfastness, our study was conducted indoors, with no windows to enable daylight to
enter. While fluoresced lights were used to illuminate the room, over the course of the study
the pig had minimal exposure to natural daylight, for less than a few hours. Thus, it is safe to
conclude that the dye loss on the skin was not due to photo-fading.
Riboflavin, Fluorescein and β-Carotene dyes do not carry positive or negative charges
needed to form ionic bonds with proteins; rather they can form secondary interactions.
Fluorescein is characterized as a solvent dye, which has very low solubility in water.
Riboflavin is slightly water soluble and β-Carotene is a water insoluble natural substance.
Due to their chemical structures, these dyes are expected to undergo hydrogen bonding or
Van der Waals interactions with various polar and non-charged amino acid side chains.
These amino acids include Glutamine (Gln), Asparagine (Asn), Histidine (His), Serine (Ser),
Threonine (Thr), Tyrosine (Tyr), Cysteine (Cys), and Tryptophan (Trp). Although there are
many different types of such amino acids, the composition percentage of these amino acids in
collagen is not significantly high. Upon injection, yellow dye molecules could interact with
these amino acids in the protein via hydrogen bonding. In addition to hydrogen bonds, van
der Waals interactions would improve the strength of bonding between these dyes and the
collagen tissue in the dermis layer. Hydrogen bonds are considered to be strong secondary
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interactions, but they are weaker bonds compared to ionic or covalent bonds. Weak hydrogen
bonding can affect the stability of dyes within skin tissue.
Although ionic and hydrogen bonding were suspected as possible bonding
interactions that would hold the dyes onto the skin tissue upon dye injection, the extent of
such interactions was not measured quantitatively. The degree of dye staining could be only
observed through color assessments, perceptual and histological assessment results. Given
the fact that the dyes were not visible one month after the injections, potential biological
hypotheses were explored to facilitate a better understanding of the loss of dyes.
The first hypothesis was centered around the immune response of the body to foreign
materials. As needles of Aquagold and butterfly device punch through epidermis and into the
dermis layer, wounds form along the injection path and body initiates inflammatory response
to heal the damaged site [67]. As a component of the inflammation response, swelling occurs
to summon phagocytes which would clean up debris and foreign materials [68, 69]. These
phagocytes are usually neutrophils and macrophages. Neutrophils support acute
inflammation and are eventually replaced by macrophages, lymphocytes and fibroblasts as
inflammation continues [70].
Although permanent tattooing takes place under the skin, the body goes through the
same wound healing process. Wounds occur during tattoo device injections and result in
inflammatory and immune response in affected regions. During this process macrophages
attack foreign bodies, in the case, tattoo pigments. Some of the smaller tattoo pigments are
engulfed by macrophage to be carried out to lymphatic system [71]. Other pigments remain
in the dermis area because their huge size impedes the movement of tattoo-laden
macrophages. In addition to macrophages, fibroblasts also hold the incoming tattoo pigments
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[24]. The size of tattoo pigment can affect the longevity of tattoos and tattoo laser removal
process. Tattoo laser breaks down the pigments in the dermis layer so that they become
capable of macrophage phagocytosis. This is critically important because it hints to a
possible reason for color fading and dye loss in the dermis.
When dyes are injected into the skin, their position can affect their longevity and
interaction with the tissue. Thus, if dyes are placed in the epidermis, which sheds off on a
monthly basis, they will be eliminated at the end of the shedding cycle. However, dyes
injected into the dermis layer would begin inter-molecular interactions with proteins in
dermis. As discussed above, Methylene Blue and FD&C Blue 1 would form ionic bonds
while Riboflavin, β-Carotene and Fluorescein would undergo secondary valency interaction
with various amino acids in collagen or other protein structures. Although these interactions
result in staining the dermis layer, they are not strong enough to keep the dye molecules in
place for a long time.
While typical ionic bonds, such as those formed by Methylene Blue and FD&C Blue
1 dyes with protein structures often show acceptable levels of durability and thus
colorfastness properties, satisfactory colorfastness was not achieved when the dyes were
injected into the skin. FD&C Blue 1, which is an acid dye, is also used for hair dyeing
applications as a temporary dye due to its high molecular weight and inability to penetrate
deep into hair [72]. Similarly, FD&C Blue 1 would only stain the surface of collagen or other
proteins in the dermal layer, which would make the bonds susceptible to constantly incoming
leukocytes. On the other hand, some cationic dyes such as Methylene Blue may be used as
semi-permanent dyes in hair dyeing industry due to the low molecular weight of this dye
which enables it to slightly penetrate to the cortex [72]. For hair dyes, alkaline pH opens the
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cuticle to enable dyes to diffuse into hair cortex. However, in-vivo studies such as the
examination of dyes in dermis, limit the possibility of controlling pH for this purpose. Thus,
in the case of the intradermal dye injections it was not possible to validate whether
Methylene Blue dye does actually penetrate the cellular walls of the dermis layer.
In the case of Riboflavin, β-Carotene and Fluorescein, bond strength would be less
than that of Methylene Blue and FD&C Blue 1 dyes because of the weaker nature of
secondary valency forces. A further reduction in bond strength might also occur because
hydrogen bonding between dyes and the tissue would be minimized in aqueous solutions.
Hydrogen bonding in water would block or minimize bonding between non-charged amino
acids and dye molecules. Thus, these dyes could only stain the dermal tissue and interact
with the tissue with partial hydrogen bonding and van der Waals interactions.
Based on the strength of different bonds, the presence of dyes in biopsy samples may
have been affected. As noted in Sections 3.1 and 3.2, FD&C Blue 1 and Methylene Blue may
form ionic bonds with dermal tissue. These dyes also showed much higher visibility
compared to the other three dyes, which can only form secondary bonds. In addition, the two
blue dyes were the only visible dyes that were present in the histological assessments.
Dyes are different from pigments in that dyes are small enough to be fully
phagocytized by macrophages. Not all the foreign substances are removed by leukocytes
immediately upon injection. Thus, possible dye staining occurs prior to the phagocytosis.
When macrophages enter the injected site, unattached dyes are engulfed by macrophages and
removed from the site. As described in Section 1.3.1, the color fading is evident one week
after the injection. Therefore, two issues affect the durability of the injected colorant: the
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epidermis layer is shed which results in shedding the dye and macrophages also remove
unattached dye molecules thus color loss on the skin occurs.
It was previously stated that yellow dyes were only clearly discernable on the day of
injections while blue dyes were more apparent over a longer period. The difference in
visibility could be ascribed to the strength of chemical bonds between dyes and protein
structures.
According to color difference values shown in Table 3 and histological results given
in Table 7, it may be concluded that dye loss occurred at least over one month. Since
inflammation continued until the 4th week, macrophages were actively continuing to remove
the dyes over this period. Continued inflammation can be interpreted as continued immune
response to foreign materials, in this case, dye substances. During the active immune
response, color faded significantly and when inflammation stopped, color difference values
did not vary significantly, supporting the possibility of macrophage cleaning up dye
molecules.
The second hypothesis is the dye diffusion into different parts of body depending on
their partition coefficient values. The partition coefficient explains the ratio of solute
concentration on two different solvents. The two solvents are usually octanol and water,
which can signify whether a solute is lipophilic or hydrophilic. When using the partition
coefficient ratio, it is usually taken into logarithm and used as log P values (Table 11).
According to the equation, positive log P value stands for lipophilicity and negative value
stands for hydrophilicity.
β-Carotene and Fluorescein have high log P values of 17.62 and 3.4 respectively.
With high hydrophobic characteristic, these two substances are likely to move to the oily

75
parts of the body such as the lipid layer or sebaceous glands (Fig 23). If migration occurs,
color loss would be apparent because dye migration results in less concentrated dye in
injected sites. If β-Carotene and Fluorescein move into deeper subcutaneous layers where
there is an abundant amount of subcutaneous fats, they would become much less visible from
the skin surface. Color fading due to the movement of colorants to deeper layers was also
reported for tattoo pigments migration [73]. If these lipophilic dyes migrate or diffuse into
sebaceous gland, they might move up to the surface of the skin or the epidermis layer along
with sebum. Sebum in sebaceous gland is secreted through hair follicle and functions to keep
the skin surface oily and waxy. Thus, as a result of the secretion only minimal amounts of
dye would remain in the original injection site if diffusion occurs.
On the other hand, the other three dyes with hydrophilic characteristics, i.e. FDC Blue
1, Riboflavin and Methylene Blue are likely to move to different parts of the body where
water composition is high. Blood vessels would be the biggest target for the dye diffusion
due to containing a high percentage of water components. Blood plasma is the liquid part of
the blood which comprises 55% of total blood volume. It is composed of 92% water [74],
which makes it favorable for hydrophilic dyes to diffuse into blood vessels in the dermis.
Considering that the drugs applied via topical and transdermal applications are often intended
to diffuse into blood vessels in dermis, it is reasonable to suggest that the injected dyes could
have diffused into blood circulatory system [75].
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Figure 23. Anatomy of human skin to describe the possible migration or diffusion of dye
molecules [76].
log 𝑃𝑜𝑐𝑡⁄𝑤𝑎𝑡 = log(

[𝑠𝑜𝑙𝑢𝑡𝑒]𝑢𝑛−𝑖𝑛𝑜𝑖𝑧𝑒𝑑
𝑜𝑐𝑡𝑎𝑛𝑜𝑙
[𝑠𝑜𝑙𝑢𝑡𝑒]𝑢𝑛−𝑖𝑜𝑛𝑖𝑧𝑒𝑑
𝑤𝑎𝑡𝑒𝑟

)

Equation 1. Partition coefficient, log P.

Table 11. Log P values of different dyes [77, 78].
FDC
Flavin
Riboflavin Methylene Fluorescein βBlue 1
mononucleotide
Blue
Carotene
Log P -4.94
-2.6
-1.46
-0.9
3.4
17.62

3.5. Assessment Biopsy and Clinical Results of the Second Experiment
Three promising dyes (Methylene Blue, Fluorescein and Flavin Mononucleotide)
were selected to continue the experiment. Methylene Blue was chosen because it had the
longest visibility among the visible dyes based on the previous histological assessments.
However, further safety issues needed to be addressed to test whether this dye can be
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considered to be suitable for actual application to human. Fluorescein and Flavin
Mononucleotide were chosen due to their promising fluorescent characteristics and their
minimal health problems. Initially, the experiment was planned for six months to meet the
revisiting period of nonmelanoma skin cancer patients [47].
The dyes were injected with butterfly needles into a live pig. For each dye type, six
injections were performed to observe dye visibility over the experiment period. One
additional injection was performed with a saline control sample. The control site was
biopsied on the day of the injection. Other biopsies were taken out on a monthly basis. To
attain credible histological results for each dye, three dye sites were punched out. Thus, a
total of 19 sites were biopsied over a two months period since the injection including one
control site on the day of the injection, 9 dye sites after one month and another 9 dye sites
after the second month. All the biopsies were sent to a pathologist in the College of
Veterinary Medicine of North Carolina State University for histological assessment. Results
including various histology lesions, their descriptions and severity scores are listed in
Appendix E.
Among six biopsy sites over the two months period, sample 14 containing Flavin
Mononucleotide dye showed an evidence of slight dermal inflammation dominated by a few
neutrophils and lymphocytes. Since neutrophils and lymphocytes usually appear in the
presence of inflammation caused by needle injection, it is difficult to confirm whether the
dermal inflammation was a reaction to Flavin Mononucleotide. The presence of few
eosinophils was also observed in the skin lesion. Eosinophils usually develop to treat allergic
reactions, but Flavin Mononucleotide is not known to cause any allergic reactions. Since only
a few eosinophils were observed in the slide, they may have been the result of a typical

78
immune response to inflammation or may have been due to the migration of eosinophils from
other sites. Some histiocyte (macrophage) were also present on Flavin Mononucleotide
injected site. The presence of histocytes confirms the existence of macrophages to carry dye
molecules to the lymphatic system as proposed in Section 3.4.
Although Flavin Mononucleotide sites exhibited minimal to negligible health issues,
none of the dyes were visible in the skin lesions. Flavin Mononucleotide has yellowish dye
particle which is distinguishable from other dyes, but none of the particles were suspected to
be from Flavin Mononucleotide. Therefore, it can be assumed that Flavin Mononucleotide
migrated or diffused out of the dermis layer over the two-month period.
In the case of Fluorescein dye, two biopsy sites exhibited the presence of dye and the
alteration of skin tissue. In a sample 12, a few magenta pigments were observed, confirming
that Fluorescein can remain in the skin over the 2-month period. In Slide 18 where
Methylene Blue was injected, the magenta particle was also observed. Considering the color
of Methylene Blue particles, the visible magenta particles were assumed to be Fluorescein
that may have been migrated into the site. However, no other Fluorescein biopsy sites
showed the presence of Fluorescein dye within the injected site. The observed dyes were
located at hair follicles, which is coherent with the assumption that the Fluorescein dye
would migrate to sebum containing hair or sebaceous follicle due to its lipophilic
characteristic.
Amongst six Fluorescein injected sites, slide 24 was the only site exhibiting a trivial
adverse health problem. Minimal dermal inflammation as well as lymphocyte, eosinophils,
and macrophages were observed. Leukocytes usually appear when the skin tissue is subjected
to damage including needle injections. Eosinophils could have been present due to the natural
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immune response to inflammation. Alternatively, they may have been present to combat an
allergic reaction to nearby Methylene Blue sites.
Many biopsy sites with Methylene Blue injection contained visible black pigments as
expected from the previous experiment. Black Methylene Blue particles were visible in four
out of six injection slides. The black particles, as indicated by the pathologist, were likely
Methylene Blue dyes. According to results of the previous experiment, Methylene Blue was
visible in skin only up to the first month after the injection. However, the histological results
of the second experiment showed that the dye was present over the 2-month period. Two out
of three Methylene Blue injected sites retained black pigments after 2 months. Although the
original experiment was planned for 6-month period, biopsies were taken only for two
months because none of the dyes were visible on the surface of the skin in the third month.
The histological assessment results indicate the efficacy of Methylene Blue dye in
terms of the aspect of dye presence. Despite its superior stability within skin tissue,
Methylene Blue injection seems to result in health issues that could be severe in some cases.
From Slides 9, 11, 18, 20 and 27, where Methylene Blue was injected, necrosis of skin tissue
was observed either in epidermis, dermis or subcutaneous layer (panniculus). Although
different types of skin necrosis were observed, all were superficial and evidence of healing
was observed. In addition, most of the necrosis was found within the crust/eschar that was
visible from the skin surface. Methylene Blue dye seems to have induced necrosis in some of
the skin tissue samples, but the healing response seemed to have also started. Necrosis was
only under the scab and no further treatment such as debridement was required on the site.
Some side effects of Methylene Blue have been described in previous studies [55, 56, 79].
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However, at lower concentrations of Methylene Blue dye (0.125%), while visibility was not
significantly affected, health related complications were reduced by ten-fold [56].
Dermal inflammation due to Methylene Blue dyes was observed mostly in
perivascular area, which means that these dyes travel to blood vessels and may cause
problems in these areas, in concert with findings in Section 3.4. Methylene Blue has negative
log P value of -0.9 [78] with a hydrophilic characteristic which makes it attracted to blood
vessels. Nonetheless, follicular injuries were observed in slides 7 and 20 where Methylene
Blue dye was injected. However, Methylene Blue anhydrous has also been listed to have a
lipophilic characteristic with log P value of 3.30 [80], which would lead Methylene Blue to
sebaceous regions [81]. Thus, Methylene Blue can contain both hydrophilic and lipophilic
features depending on the resonance of its chemical structure, which enables Methylene Blue
dyes to migrate to either watery blood vessels or oily follicular areas. When Methylene Blue
enters follicles, it distorts or collapses some follicles. Black/blue dye molecules were also
observed within the dermal macrophages

3.6. Limitations
Working with a live animal model resulted in numerous unexpected variables that
would not have occurred in vitro studies. Since the primary purpose of this experiment was to
inject dyes as skin markers for potential eventual use on humans, it was necessary to use a
live animal and consider different variables that may be present in real situations.
Nevertheless, there were extra limitations that occurred because the study involved a live pig.
In addition to variables originating from the use of a live animal subject, there were also
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human variables throughout the experiment. A list of limitations that were confronted during
the experiment is given in this section.
The fast-growing nature of pigs was one of the variables that affected the appearance
of dye sites. The selected pig for the experiment was initially five and half months old and
weighed approximately 300 lbs. Although male pigs often reach their sexual maturity after 56 months, they continue to grow afterwards. Not much studying was done in relation to the
growing nature of the pig after the initial 5-6 months because pigs are normally slaughtered
before they get bigger. The pig selected for this study gained weight significantly every
month. By the end of the third month, he weighed more than 400 lbs. Since average pigs
grow approximately 54 lbs in a month [82], the growth rate of the selected pig can be
considered to be typical.
Although this rate of growth is normal it may be problematic when results are to be
compared to humans. According to one study, in 2010, far less than one percent of patients
with non-melanoma skin cancer were from the age group of 0-24 [83]. Thus, according to the
statistical data, more than 99% of non-melanoma skin cancer patients were fully-grown
adults whose growth rate has stopped. With the high growth rate of pigs, the overall skin area
increases, which results in expanded dye sites compared to the time of injection. Moreover,
as the skin areas get bigger, accurate tracing of the dye injection sites becomes challenging.
For spectrophotometric measurements, a photograph of dye sites taken on the first day was
used to identify their location accurately. Although the skin remained mostly unchanged,
some dye site locations together with the tattoo markers shifted slightly over the months.
In addition to the rapid growth of the pig, skin flakes and hairs were contributing
variables to the results of the experiment. For the color measurement, it is always preferred to
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measure the sites with minimal intervention. Although hairs on the back of pig were trimmed
prior to color measurement and biopsies, they could not be completely excluded. Some hairs
grew within dye injected sites and had to be measured along with the colors. The white color
and coarse characteristics of pig hair may have affected the accurate measurement of colors
on the dye sites. Although human skins may also have hairs, much coarser pig hairs should
be considered a potential contributing source of variability in results.
The pig had an abundant amount of skin flakes on the injection area that consistently
peeled off, and this was another limiting factor in accurate measurements of dye site colors.
It was almost impossible to get clear measurements of dye sites without skin flakes being
present. In addition, the epidermis layer had a certain fluorescence property that made color
assessments under UV light challenging. There are many skin chromophores with
fluorescence characteristics. These are porphyrins, NAD/NADH, tryptophan, collagen
crosslinks, elastin crosslinks and dry keratin [50, 51, 84].
While tattoo inks were placed on the corners of the sites for dye injections to aid the
identification of sites, a correct identification of the 120 dye sites was still somewhat
challenging. When planning the experiment, it was expected that the colors would be visible
to the naked human eye for a few months, but most of the dyes were found to be no longer
visible after the first month. The lack of colors and randomized placement of dye sites made
the site identification very difficult. The large number of dye sites in the limited application
space sometimes also resulted in confusions during measurements.
The biggest difficulty in site identification arose due to the use of tattoo markers.
Although tattoo ink spots were placed in the skin solely for the purpose of marking the
corners of dye sites, some were vague or sometimes not visible after some time. The loss of

83
tattoo inks was likely due to the injection method used. Tattoo inks were injected with a
syringe and not with a specialized tattooing device and no specific administration method
was set up for tattoo injections. Considering that tattoos are usually placed in the skin with a
professional tattoo machine by professionals, the use of a syringe resulted in inconsistent
marker appearances and sometimes the associated loss of color. However, even with
inconsistent tattoo marks the location of dye sites could be determined from the pictures
taken on the first day of the injection, as well as skin features and other tattoo indicators. If
an appropriate professional tattoo machine was employed by an experienced user, the tattoo
marks would have been more effective to indicate dye sites. Alternatively, making a grid on
pig’s back or numbering each dye site could be other options for clear identification of
different dye sites in future.
In addition to outside variables such as hair, skin flakes or tattoo marks, there were
certain challenges associated with the color measurement. Measurement of color, although
simple, was time-consuming. Initially, when site colors were easily noticeable on the skin, all
120 sites could be measured easily. However, when the dye sites were no longer visible, it
was difficult to measure the actual site of injection. In the case of Aquagold injections, since
the injection location covered a wider region, there was no need for precise color
measurements. On the other hand, the butterfly needle injections had specific spots where
dyes were injected. Visible dye spots were much smaller compared to Aquagold injections.
Even when dye sites were indicated by surrounding tattoo marks, it was challenging to
clearly distinguish between measuring unaffected skin areas and dye sites.
The experiment’s goal was to identify potential dyes as biopsy markers and as such a
number of suitable colorants were tested on the pig skin. Although some dyes had adequate
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visibility and showed potential for use as markers, additional experiments are necessary to
test how different skin coloration would affect the performance of the dyes. Humans belong
to different ethnic groups and show specific racial features. The color of human skin varies
from white to black depending on the amount and the composition of melanin [85, 86]. Since
the experimental pig had a white-pinkish skin color, it could serve as a good indication of
dyes performance on white skin colored people but may not be appropriate for people with
darker skin colors. For example, blue dyes that were noticeably distinctive on light-toned
skin may not be as visible on darker skin colors and as such may not be appropriate for such
cases. Several types of skins need to be analyzed before the dyes are proven for their
visibility as biopsy markers. Though the visibility of dyes on different skins requires further
validation, the histological assessment results show that none of the dyes cause any serious
side effects or adversely affect the health of skin within the biopsy sites. This was inferred
visually as no sign of significant skin issue such as necrosis was observed and only minor
inflammation, likely due to the mode of injection, was noted on some injection sites.
Due to having limited resources, only one pig was tested in this study. As such all
performance criteria including visibility and health issues were tested in various locations on
the back of the same pig. Considering the large variability among humans, and animals, to
ensure that the experiment is reproducible, the experiment should be repeated on different
pigs. Depending on the size, age and environment, this may result in a certain degree of
variability in results. These need to be tested to determine whether the differences are within
an acceptable range.
The potential use of different solvents for the dyes may also be taken into
consideration. For safety reasons, distilled water was used to dissolve the dyes. This worked
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well for FD&C Blue 1 and Methylene Blue dyes but not so well for the other three dyes.
Especially in the case of Fluorescein different solvents may result in better injection of the
dye into skin regardless of the injection method used. If dyes could be dissolved in certain
organic solvents, which may be considered safe for injections, the efficacy of dye application
may be improved.
There was challenge associated with taking appropriate dye site pictures. Due to the
huge size of tested pig and lack of labor, the pig always sedated in different positions. The
best position would be making the pig flat on his belly, so all the pictures could be taken
under the same illuminant. However, the pig was not feeling comfortable with belly-flat
position and struggled to lie down on the sides, resulting in inconsistent lighting on the color
assessment pictures.
Keeping the pig sedated was another huge challenge associated with the experiment.
During dye injection and biopsy, the pig needed to be sedated sufficiently so that he does not
move, and the process could be accomplished safely in time. As the pig grew bigger, the pig
was not sedated quickly even with more doses of the drug, and thus more anesthetics were
forced. Sometimes the pig flinched during the biopsy process which made the experimental
process difficult. It was tough to accurately predict the effectiveness of drugs when the pig
was in bigger shape.
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Chapter 4. Conclusion
The visibility and the durability of injected dyes differed depending on specific dye
types used. Methylene Blue showed the best profile, visually and exhibited corresponding
spectrophotometric color difference of 30.73 (ID) and 18.63 (AQ) one week after the
injection. The next visible dye was FD&C Blue 1 with color differences in the range of 20.40
(ID) and 17.74 (AQ). The significantly large color differences indicate the high visibility of
these dyes. Other dyes, Riboflavin, β-Carotene, and Fluorescein showed color differences in
the range of 7.50 and 10.90, which were significant as well. While the color difference values
of the blue dyes remained significant at least for one month, the yellow dyes no longer had
noticeable differences month after the injection. The color/dye loss result can be supported
by the fact that color difference values remained constant and did not decrease further.
Even though the dye sites were apparent on the skin surface, the histological
assessment results showed no evidence of dyes except for Methylene Blue dye. Methylene
Blue dye was observed in the biopsied skin tissues collected at the 2nd and 4th weeks.
Inflammation and lymphocyte infiltration were recorded from the control, 2nd and 4th week
biopsies while they were not present for the 8th week biopsies. Inflammation and lymphocyte
could be interpreted to be a result of wounds occurring during the dye injection. It can be
inferred that the wounds healing process continues past the 4th week but not longer than the
8th week of inspections.
Upon dye injections, inflammation appears as a part of the body’s immune response
to the introduced foreign matters. Macrophages engulf dyes and move them to the lymphatic
system. The difference in the macrophage processing time depends on the affinity and
interaction of dyes to the skin tissue. FD&C Blue 1 and Methylene Blue can form ionic
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bonds with the amino acids that have charged side chains while Riboflavin, β-Carotene, and
Fluorescein could only form secondary interactions with the amino acids with polar noncharged side chains. The dyes with strong ionic bonds tend to stay longer in the dermis layer
compared to the dyes that from hydrogen bonds and van der Waals interactions.
Dye loss may have occurred due to the migration of dyes into other parts of the body
based on the partition coefficient values (log P) of dyes. Dyes with hydrophilic
characteristics are likely to diffuse into blood vessels just like readily absorbed dyes while
dyes with lipophilic characteristics would move to lipid layers and glands. Due to the
migration properties, the dye may not be visible or have less visibility from the skin surface.
The gradual loss of dye gives credit to the dye migration through diffusion mechanism.
Based on the results, Methylene Blue dye had the most promising result for use as a
skin biopsy marker. However, even Methylene Blue was not visible beyond two months due
to possible undergoing biological reactions under the skin. Thus, dyes with a stronger bond
or alternative injection method should be implemented to keep the dye visible for a longer
period.
The animal study on a pig was carried out to test the feasibility of dyes as
complementary biopsy markers when compared to other methods such as pre-operative
photography or tattoo marking. Based on the results, dyes show promise although their
visibility needs to be improved beyond the 1-month period. Once the durability of dyes in the
dermis layer is improved they can be considered as one of the safer and more visible biopsy
identification methods compared to current techniques.
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Chapter 5. Future Work
The biggest problem with the current work was that the dyes were not visible for a
sufficiently long time. The original plan was to apply dyes that would be visible on the skin
surface for more than three months and could last for up to six months. However, most dyes
were only visible up to one month after the injection. The most important consideration for
the next step is to test different methods to keep the dyes within the dermis layer.
Considering the hypothesis that dyes may have been engulfed by macrophages or
diffused into other parts of the body such as blood vessels or lymph circulation, one potential
suggestion for the next experiment is to test the use of a dermal filler as a carrier or local host
for the injected dyes. Dermal fillers are injected commonly into the dermis layer of face to
give fullness to the face and lessen facial lines. The lasting period of dermal fillers depends
on the type and location of the application. Out of the many commercial dermal fillers
available, hyaluronic acid (HA) would be a reasonable dermal filler to be used because HA is
naturally produced within the body and therefore is expected to exhibit minimum side
effects. HA usually stays effective on the facial skin from 6 months to 18 months. If the
tested dyes could form a stable bond within HA dermal filler, it could be expected to
maintain longer lasting dyes under the skin. If the approach based on the use of a dermal
filler is promising, it should be tested on more than one pig subject to confirm the
repeatability of results.
The use of different dyes, that are considered safe, could also be considered. The dyes
in this experiment did not remain in the animal’s body, presumably due to the lack of a
suitable amount of affinity with skin tissues. If other safe dyes with chemical structures that
could form strong bonds within the dermis layer are identified, their application could result

89
in longer visibility. One suggestion is to use a reactive dye which could form a strong
covalent bond. Once the covalent bond forms between dye and skin, dye loss will not occur
or would be significantly minimized. The risk of using reactive dye would be permanent
staining of dyes onto the skin. However, considering that other tested dyes showed much
shorter durability than previous expectations, testing reactive dyes and recording their
durability would be a reasonable procedure. Nonetheless, the safety of any dye that may be
considered must be approved before its actual use on live animals.
Fluorescein and β-Carotene were insoluble in water and remained as waterdispersible materials. If carriers other than distilled water are used as solvents, a higher
amount of dye could be deposited. Safe organic solvents such as ethanol could be tested to
see whether using a different solvent would enhance the dye deposition in the skin.
For the next research more accurate and consistent photography of sites is
recommended. Taking photographs of dye site under the same conditions would enhance the
quality of any photographic comparisons. It was found challenging to obtain consistent
photographs in this experiment due to the large size of the pig. If a fewer number of dye sites
could be placed on the back of the research pig, it would make it easier to let the pig lay
down on its belly which would facilitate taking photographs. In addition to the position of the
pig, it is necessary to keep a constant distance from the subject and use uniform and
consistent illumination conditions. If a controllable source of lighting can be placed in the
research lab and have the pig ready in the same position every time, it would be possible to
obtain better photographs and generate a more detailed comparison from the pictures.
Concerning injection methods, Aquagold injection method was not an effective
method for dye injection into the dermis. It was expected to show quick injection and less
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skin irritation, but the results showed that dyes could not penetrate deep enough to the dermal
layer. On the other hand, butterfly needle injection was effective in stably injecting dyes
intradermally. The challenge with the butterfly needle injection occurred when compact skin
tissues resisted the inflow of dyes and kept pushing back the dyes to syringes. Thus, constant
pressure was necessary to inject all the dyes within the dermal layer. Such resistance was a
challenge occurred using butterfly needle injection. Thus, one alternative suggestion for
future is utilizing tattoo machine for dye injections. Tattoo machine could be used to inject
the dyes stably within the dermis layer. Tattoo machines have proven their efficacy from
permanent tattoo ink injection. Tattoo inks are injected into dermis layer through capillary
action resulting from repeated needle penetration.
One drawback of using tattoo machine would be that it is difficult to control the exact
amount of dye going into the skin, but it has the advantage over other injection methods by
inserting dye to a constant depth.
The pig in this research was isolated from other pigs for the full-period of the
experiment. It was necessarily done to avoid any skin irritations or abrasions that could arise
from interaction with other pigs. Moreover, there are higher chances of getting unwanted dirt
on the dye sites. The advantage of keeping a pig isolated is that possible variations that may
occur from pig interactions could be minimized. However, if fewer dyes are injected so that
dyes are not placed at the side of pig, isolating a pig would be unnecessary. Whether pigs
should be isolated or not could be decided based on the number of dye sites compared to
pig's back area.
Histological sample collection was done using formalin fixative and through snap
freeze method. It was suspected that formalin reacted with dyes in biopsy samples, but the
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experimental result showed that if strong affinity forms between dyes and skin tissue, dyes
would not be lost to formalin. The disadvantage of using snap freeze method is that
morphology is likely to be distorted during the thawing process. Thus, using formalin
fixatives would be most appropriate for histological sample collection.
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Appendix A. Material Safety Data Sheet for β-Carotene, Fluorescein, Methylene Blue,
FD&C Blue 1, Riboflavin and Flavin Mononucleotide
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Appendix B. Riboflavin Specification Sheet
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Appendix C. Solubility of FD&C Blue 1, Fluorescein, β-Carotene and Methylene Blue
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Appendix D. Histological Assessment Results from Cockerell Dermatopathology
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Appendix E. Histological Assessment Results from NCSU College of Veterinary
Medicine
Pathology Skin Lesion Scoring – Pig Skin Study Box “Routh/Textiles”
1. Samples:
a. 19 slides, H&E stained histological sections
b. Pathologist: Dr. Linder
2. Methods:
a. Sample numbering and review:
i. Number slides per investigator
ii. Slides labeled by numbers as per data table below
b. Histology severity scoring scheme:
i. 0 = no change, 1 = minimal, 2 = mild, 3 = moderate, 4 = marked
ii. Too few adnexa to evaluate (hair follicles, sebaceous glands, etc.)
c. Histology lesions scored
i. Epidermis: necrosis, spongiosis, hydropic (vacuolar) degeneration, epidermal
inflammation
ii. Dermis: necrosis, edema, hemorrhage, inflammation
iii. Slides with asterisk have descriptions below

Slide #
Saline

Epidermal
Necrosis
0

Epidermal
Spongiosis
0

Epidermal
Hydropic
degeneration
0

Epidermal
Inflammation
0

Dermal
Necrosis
0

Dermal
edema
0

Dermal
hemorrhage
0

Dermal
inflammation
0

Control
2

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

6

0

0

0

0

0

0

0

0

7*

0

0

0

0

0

0

0

3

9*

0

0

0

2

0

0

0

0

4
healing
0

0

10

4
healing
0

0

0

0

11*
12*
14*
15

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0

0
0
0
0

0
0
0
0

0
0
1
0

16

0

0

0

0

0

0

0

0

18*
19
20

0
0
0

0
0
0

0
0
0

0
0
1

0
0
0

0

0

0

0
0
4
healing
0

0
0
1

21

0
0
4
healing
0

0

0

0

22
24*

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1 low

26

0

0

0

0

0

0

0

0

27*

3

0

0

0

3

0

0

1
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: Methylene Blue,
Biopsy date
Methylene Blue
Fluorescein
Flavin Mononucleotide

: Fluorescein,
1 month after injection
7, 9, 20
15, 21, 24
6, 10, 14

: Flavin Mononucleotide
2 months after injection
11, 18, 27
12, 16, 19
2, 22, 26

3. Additional slide descriptions

Slides 7: Follicular injury is present with distortion and collapse. Mild pannicular
inflammation is seen with minimal pannicular hemorrhage and minimal pannicular fibrin.
Biopsy samples only a minor portion of the superficial panniculus. Dermal inflammation is
perivascular and dominated by lymphocytes, fewer plasma cells and fewer eosinophils with
some histiocytes
Slide 9: Necrotic dermis and epidermis are retained in the crust/eschar on surface. Pannicular
injury is seen but is not sufficiently sampled – possible pannicular necrosis with secondary
giant cell response. Vascular thrombosis and/or necrosis is in the dermis bordering necrosis
of dermis. Black pigment is seen dermal macrophages around vessels. Dermal inflammation
is perivascular and dominated by lymphocytes, fewer plasma cells and fewer eosinophils
with some histiocytes. Neutrophils are prominent the crust on the surface.
Slide 11: Possible pannicular necrosis with is present with secondary giant cell response and
black pigment in macrophages.
Slide 12: Possible minor magenta pigment in one hair follicle.
Slide 14: Very minimal neutrophils are in one follicle opening. Dermal inflammation is
minimal perivascular and dominated by lymphocytes, fewer plasma cells and fewer
eosinophils with some histiocytes.
Slide 18: Fibrosis in dermis is minimal, focal and deep (not superficial) and borders the
panniculus or possible a follicle, neither of which are captured well or at all. There are
occasional individual macrophages with black pigment in the deep dermis near fibrosis.
There is a magenta pigment-like material in a hair follicle lumen.
Slide 20: Necrotic dermis and epidermis are retained in the crust with a healing ulcer below,
which is now nearly repaired. Fibrosis borders ulcer repair and necrosis. Superficial to deep,
central blood vessels have thrombosis and possibly necrosis. Hair follicle distortion/collapse
is present. And apocrine gland is necrotic. A very minor amount of brown to black pigment
is in a few dermal macrophages. Dermal inflammation is perivascular and dominated by
lymphocytes, fewer plasma cells and fewer eosinophils with some histiocytes. Neutrophils
are mild in the crust. There is mild epidermal hyperplasia and hyperkeratosis at the margin of
the ulcer.
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Slide 24: Minimal central hyperkeratosis and epidermal hyperplasia is present. Inflammation
in the dermis is superficial, very minimal, and is composed of lymphocytes, eosinophils and
rare plasma cells and histiocytes.
Slide 27: Necrotic dermis and epidermis are retained in crust and an ulcer below is now
healed. Mild epidermal hyperplasia, epidermal hyperkeratosis and dermal fibrosis are part of
the healing response. There is a minimal inflammation in the dermis is superficial, very
minimal, and is composed of lymphocytes, eosinophils and rare plasma cells and histiocytes.
4. Comments

Dermal and epidermal necrosis is more superficial and is subacute to chronic with an
advanced healing response. Follicular injury is apparent in some slides that was likely from
partial follicular necrosis and subsequent collapse (atrophy) and distortion. Some samples
might have dye accumulating in the follicle (note in slide descriptions), this is not confirmed,
and this dye might have led to follicle injury. This follicular lumen material is a light
magenta color but it is not convincing and is present with or without injury. Some cases have
deep dermal fibrosis, mostly focal, and/or evidence of superficial panniculular necrosis and
deep follicular injury might be a source or another mechanism is contributing here. Dermal
vascular injury/thrombosis is captured below areas of superficial dermal necrosis and
epidermal necrosis in some sections and this can be a consequence and/or a cause of necrosis.
Importantly, the samples contain almost no panniculus and only an occasional follicle is
present in some samples and these structures cannot be adequately assessed by these
histology slides. Likely more follicular injury occurred by There is black pigment in the
dermal macrophages of some cases with necrosis and/or dermal fibrosis, which might be a
dye and this needs to be confirmed.
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Appendix F. ΔE00 of Individual Dye Types Compared to Original Pig Skin Color
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