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Abstract: Background: PlantCrystals are a new concept to produce plant-based formulations. Their
principle is based on the diminution of parts of or whole plants. In this study, the effect of a
surfactant on stinging nettle leaf PlantCrystals was investigated. Secondly, the contents of bulk
material and the PlantCrystals formulation were compared. In addition, for the very first time, the
skin penetration of PlantCrystals was investigated. Methods: Stinging nettle leaves were milled with
high-pressure homogenization. Sizes were analyzed via light microscopy and static light scattering.
To investigate the effect of the milling, the flavonoid and total carotenoid content were determined,
and the antioxidant capacity of the formulation was measured via total polyphenol content and
DPPH (1,1-diphenyl-2-picrylhydrazyl) assay. Finally, the impact on skin penetration was investigated.
Results: Size analysis showed a stabilizing effect of the surfactant, and the chemical analysis revealed
higher flavonoid and polyphenol contents for PlantCrystals. The penetration of the formulation
into the stratum corneum was shown to be promising; PlantCrystals possessed a visually perceived
higher fluorescence and homogeneity compared to the bulk material. Conclusion: The concept
of PlantCrystals improved the availability of valuable constituents and the penetration efficacy.
The utilization of the natural chlorophyll fluorescence for skin penetration analysis of plant-based
formulations proved itself highly effective.
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1. Introduction

Eternal youth and beauty have always been desirable for humanity, and attempts to
achieve them have taken place since ancient times. Today, the idea has been translated into
anti-aging strategies. The target is no longer the conservation of overall health for all time,
but rather the comprehensive support of a healthy body and the delaying of age-related
metabolic mechanisms [1,2]. From a cosmetic point of view, anti-aging is predominantly
related to the visual perception of the human skin, because aging can easily be recognized,
e.g., wrinkles or sagging in the skin [1,3].

Nonetheless, skin should not be considered from a cosmetic point of view only; it is
the largest organ and the barrier between the body and the outer world [4]. Intact and
healthy skin is therefore also important from a medical perspective. Photo-aging (UV-light
exposure) is most commonly known as an exogenous factor responsible for skin aging
along with other factors, e.g., smoking or air pollution [5]. These factors are often oxidants
themselves or induce processes frequently connected to the production of reactive oxygen
species (ROS), respectively [1,6]. Moreover, an impaired stratum corneum (SC) with a lost
barrier function can cause the generation of ROS, thus damaging underlying cell layers,
which results in, e.g., extensive aging, inflammation, or skin cancer. Therefore, the delivery
of antioxidants to the skin can delay or prevent the ROS damaging effect, strengthen the SC,
and increase its protective function [7,8]. Nowadays, the anti-aging effect of antioxidants
has raised their popularity, and the demands of consumers are not just focused on the
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efficacy and price of a product but on the sustainability, too [9]. Recent studies have shown
that plant materials could sustainably be refined by nanoization, which can stimulate
undiscovered potential [10-12].

Based on these results, PlantCrystals are a new concept for the processing of plants
by downsizing the whole material into the lower micro- or even nanosized range without
the need for organic solvents or the production of organic waste. Another advantage of
PlantCrystals compared to ordinary extracts is the cell disruption of the organic material.
This leads to the liberation of all actives of the used material and their retention inside the
formulation. On the contrary, an extract is limited to a single or a fraction of ingredients
with similar chemical properties (e.g., water or ethanol-soluble). Accordingly, in this study,
stinging nettle (SN) leaves (Urtica dioica), also called the “Queen of Herbs,” were used for
the production of PlantCrystals and applied on skin [13].

Usually, SN is known as a diuretic, but the pharmaceutical effect is not restricted
to that. Numerous health benefits can be attributed to the SN and it is still investigated
for many pharmacological effects, e.g., antioxidant, antimicrobial, antimitotic, painkiller,
anti-inflammatory, and anticancerogenic [14,15]. Considering skin as a target, SN has a
great variety of constituents with beneficial effects, e.g., chlorophyll, carotenoids, polyphe-
nols [15,16]. The literature reports several favorable pharmacological properties after
dermal application of SN extracts, e.g., anti-inflammatory and anti-oxidative [17].

Up until now, PlantCrystals have never been applied and analyzed on the skin. As
PlantCrystals can be produced with countless numbers of plants, an analysis without the
need of an individualized method for every sample would be beneficial. The approach
to overcome this problem was the utilization of one thing most plants have in common:
Chlorophyll (a and b) (Figure 1). Chlorophyll fluorescence is well known and has been
investigated [18]. If histological sections exhibit penetrated chlorophyll in a sufficient
amount, which can be recognized via fluorescence microscopy, the skin penetration of
plant-based formulations could easily be analyzed.

Chlorophyll a

Chlorophyll b

(o)

Figure 1. Structural formula of chlorophyll. Top: Chlorophyll a. Bottom: Chlorophyll b.

The main objective of this study was the development of an SN PlantCrystals formu-
lation for dermal application and the estimation of the SC penetration. SN had not been
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processed into PlantCrystals in the past; consequently, the first aim was the establishment
of a process that is able to downsize the coarse material into the lower micrometer or even
smaller size range. Furthermore, the impact of an additional surfactant was evaluated on
the obtained sizes and agglomeration of the formulation. Secondly, a bulk suspension and
the SN PlantCrystals was investigated with different assays to compare the polyphenol,
flavonoid, and carotenoid content, and the antioxidant capacity. Abraham et al. showed
already that the impact of the diminution on the activity depends on the chosen plant
and the production process [11]. Therefore, a comparison of processed material and bulk
material is inevitable to prove that the applied process is beneficial for the formulated plant.
After achieving these prerequisites, the dermal application was checked with the new
concept of the “fingerprint of nature” by detecting the natural chlorophyll fluorescence
to estimate the SC penetration. This would lead to a method that enables a fast, easy,
and cost-effective possibility to estimate the penetration of plant-based formulations into
the skin.

2. Materials and Methods
2.1. Production of PlantCrystals

Dried SN leaves of organic quality were kindly provided by Blank’s GmbH and Co.
KG (Uplengen, Germany) (Figure 2A). The coarse material was downsized with a coffee
mill (CM) (CG9100, AICOK, Guangdong, China) to obtain a powdered sample for further
processing. Subsequently, the powdered sample (Figure 2B) was dispersed in water at
a concentration of 3% (w/w). Additionally, a sample containing 3% (w/w) of the FDA-
approved surfactant TPGS («-Tocopherol Polyethylene Glycol Succinate, Gustav Parmentier
GmbH, Frankfurt a. M., Germany) was produced. Both samples were stirred overnight at
room temperature to let the particles swell for better processability and to ensure that no
change in size will occur later on (CM+S). In the next step, the samples were deagglomerated
with an Ultra-Turrax (T 25 digital, IKA-Werke GmbH & Co. KG, Staufen, Germany) for
one minute with increasing rotational speed from 3000 to 25,000. The next premilling step
was conducted with a Miccra D27 (MICCRA GmbH, Heitersheim, Germany) to further
reduce the size of bigger particles. The samples were processed four times with increasing
rotational speed for 5 min with 7000, 12,000, 18,000, and 24,000 rpm. The final particle
diminution was done via high-pressure homogenization (HPH) with a LAB 40 (APV Gaulin,
Liibeck, Germany) at 500, 750, 1000, and 1500 bar five times each (Figure 2C). For content
analysis, samples without TPGS were analyzed to exclude the impact of TPGS during the
measurements or a possible additional extraction or protection of active ingredients due
to TPGS micelle formulation [19]. For skin penetration studies, the samples containing
TPGS were used to guarantee a good wettability and spreadability of the PlantCrystals
formulation. As a control, to show the effect of the diminution, a bulk suspension of
overnight-swelled SN leaves (Figure 2A) with the same concentration was used.

Figure 2. Macroscopic images of the samples. (A): Coarse stinging nettle leaves (bulk). (B): Dry milled powder (coffee mill

(CM)). (C): PlantCrystals suspension (high-pressure homogenization (HPH)).
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2.2. Particle Size Analysis

Light microscopy (Olympus BX53, Olympus Cooperation, Tokyo, Japan) was used
for visual examination of the samples. Further particle size analysis was carried out via
static light scattering (SLS, Mastersizer 3000, Malvern Instruments, Kassel, Germany), with
a refractive index of 1.47 and absorption index of 0.01. Results were calculated as a volu-
metric (D(v)) and numeric (D(n)) distribution. The volume-based size distribution D(v)0.x
means that x % of the total volume (summarized volume of all particles) is represented by
particles with a size equal to or lower than the given number. Therefore, the D(v)-value
emphasizes larger-sized particles to the power of three and is important for checking for
large agglomerates and particles. A numerically based size distribution D(n)0,x means
that x% of the particles are equal to or smaller than the given value. The D(n)-value is of
great importance regarding the skin study, as it emphasizes the main fraction of particle
sizes present in the sample, which are mainly involved in the penetration process. A
combination of volumetric and numeric results should give further insights into the sample
processing and impact of the surfactant on large-sized particle fractions (D(v)) and on the
main particle size fraction (D(n)).

2.3. Total Polyphenol Content

The Folin—Ciocalteu colorimetric assay was used to assess the total polyphenol content
and subsequently the antioxidant capacity of the samples [20]. First, 100 puL of the SN
suspension was mixed with 200 pL of Folin—Ciocalteu’s reagent (Merck KGaA, Darmstadt,
Germany) and 2 mL purified water, and was afterward incubated at room temperature
for 5 min. After that, 1 mL of 20% (w/v) Na,CO3; was added and incubated in the dark
for 1 h. Finally, the obtained reaction mixture was spectroscopically measured at 765 nm
(Multiskan GO, Thermo Scientific, Dreieich, Germany). The calculation of the content
was done with respect to gallic acid as standard, and results are expressed as gallic acid
equivalent (mg GAE).

2.4. Flavonoid Content

For the determination of the flavonoid content, an aluminum complex formation
reaction was used, which is a widely used spectrophotometric method to determine the
different flavonoid compounds in food and plant samples [21]. Further, 100 uL of each
diluted suspension was added to 100 uL of 2% (w/v) AlCl3 ethanol solution in a 96-well
plate and incubated in the dark for 1 h. After that, the absorbance of the samples was
measured at 420 nm. The calculation of the content was done with respect to quercetin
(Biomol GmbH, Hamburg, Germany) as standard and the results are expressed as quercetin
equivalent (ug QE).

2.5. Total Carotenoid Content

The carotenoid content of the samples was determined by measuring the carotenoids
spectral absorption at a specific wavelength, using the method after Rodriguez-Amaya [22].
The absorbance of each sample was measured at 450 nm. The calculation was done with
respect to the standard curve of 3-carotene (TCI Deutschland GmbH, Eschborn, Germany),
and results are expressed as pg (3-carotene equivalent (ug BCE).

2.6. Antioxidant Capacity

The antioxidant capacity was assessed using DPPH assay, which employs 1,1-diphenyl-
2-picrylhydrazyl (DPPH) free radicals as an indicator [23]. Briefly, 0.2 mM methanolic
solution of DPPH (Sigma-Aldrich Corporation, St. Louis, MO, USA) was prepared, and
100 pL of the diluted samples was added into a 96-well plate and mixed with 100 pL of
the DPPH solution. The plate was incubated in the dark for 30 min, and absorbance was
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measured at 517 nm [23]. The free radical scavenging activity was calculated according to
the following equation:

%RSA = (ApppH — Asample/ ApprH) X 100% @

where %RSA is the radical scavenging activity in percentage, Apppy is the DPPH ab-
sorbance, and Agample is the sample absorbance. The sample concentrations and their
corresponding %RSA were plotted on a graph to calculate the IC50 value.

2.7. Statistical Analysis

Statistical analysis of the data was done using GraphPad Prism® software (v. 8.3,
GraphPad Software, Inc., La Jolla, CA, USA), and a paired t-test was applied for comparison,
where p-values < 0.05 were considered statistically significant.

2.8. Determination of the Skin Penetration

The skin penetration study was conducted on fresh porcine ears, obtained from a local
slaughterhouse as by-products of the meat production. Pig ears are used as an ex-vivo
skin model, due to the similarity between pig and human skin [24-26]. After cleaning
with purified water and careful drying with paper towels, 50 mg of each sample was
applied to an examination area of 2 x 2 cm. Subsequently, the formulations were massaged
into the skin for 1 min using a saturated glove [27]. All samples were incubated at 32 °C
for 6 h and the skin surface was carefully wiped with wet paper towels to remove any
sample residues. Subsequently, punch biopsies of 15 mm diameter were taken, embedded
in Tissue-Tek® (Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands), and
immediately frozen at —80 °C. Cryosectioning in 20 um thick vertical cuts was carried
out with a cryomicrotome (Mod. 2700, Reichert-Jung, Nufiloch, Germany). Fluorescence
imaging of all cuts was performed with the Olympus CKX53 (Olympus, Japan), equipped
with an Olympus U-HGLGPS light source and 200-fold magnification. The intensity of the
fluorescence light source was set to 50%. The exposure time was kept constant to 50 ms for
all images. The filter selected for analysis was the DAPI HC filter block system (excitation
filter: 540-560 nm, dichroic mirror: 570 nm, emission filter: Starting at 580 nm (LP)).

3. Results and Discussion
3.1. Production of PlantCrystals and Particle Size Analysis

The production of PlantCrystals from coarse SN leaf bulk material was successful.
HPH resulted in very small particles, and no intact cells were observed via light mi-
croscopy. A distinct differentiation of the samples processed without additional stabiliza-
tion (Figure 3A) and TPGS (Figure 3B) as surfactant could not visually be observed after
light microscopic examination. Only a slightly lower tendency of agglomeration could be
perceived for the sample with TPGS as a surfactant.

Figure 3. Light microscopic images of processed stinging nettle (SN) PlantCrystals samples. Magnifi-
cation: 100-fold. (A): Without additional surfactant. (B): With TPGS as surfactant.
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The volumetrically based particle size analysis via SLS revealed that the milling
process was able to reduce the sizes from several 100 um to a lower double-digit pm
size range (D(v)0.50). A comparison of the samples showed that the surfactant had a
recognizable impact on the milled and swollen sample (CM+S). It could be recognized that
the sample without surfactant had the same D(v)0.10-value as the sample stabilized with
TPGS (Figure 4), but for the higher D(v) values, the sizes were roughly doubled. As both
samples were composed and treated identically except for the addition of surfactant, this
shows that TPGS was able to prevent larger sample agglomerations during the swelling.
The processed samples showed similar results for all D(v)-values except for the D(v)0.99,
which could be interpreted as a sign of a pronounced agglomeration for the sample
stabilized with TPGS (Figure 4). Nonetheless, it has to be considered that the D(v)0.99
is considerably variable and not always the most reliable parameter, as one or very few
larger-sized particles could have a major influence, e.g., due to sample preparation [28].
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Figure 4. Volumetrically based size distribution of unprocessed and processed SN samples. Top, left: Without surfactant.
Bottom, left: With surfactant. Right: Rescaled results for the corresponding PlantCrystals samples for better visualization

and comparison.

The obtained sizes are very promising compared to the results for leaf-based material
achieved by Abraham et al. [11]. SLS measurements resulted in nearly the same sizes and
size distributions for the final PlantCrystals formulation. A possible drawback of this study
compared to Abraham et al. is that the pre-milling was not as effective in the present study
and that the Miccra D27 was used, which introduced a lot of heat and air into the sample.
On the other hand, the final diminution of the particles by HPH was gentler in this study, as
the number of HPH cycles was reduced from 18 to 15 cycles with pressures < 1000 bar and
from 10 to 5 cycles with a pressure of 1500 bar [11]. In fact, the similar sizes obtained for
PlantCrystals in both studies lead consequently to an interesting theory: Two tremendously
different processes were applied, and on top of that, two different surfactants were used
(or none), but in the end, similar sizes were obtained. This leads to the assumption that
the diminution of plant material via HPH is limited to a certain extent. At least for SN
leaves (this study) and sage/laura leaves (Abraham et al.), the indications seem to be very
strong and should be investigated in future studies [11]. Overall, both studies show that
HPH is very efficient in producing PlantCrystals, but premilling is unavoidable to prevent
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a blockage of the piston gap. There is still potential for an optimization of the production
process, which should on the one hand, be most effective, but also introduce as less heat
and air into the sample as possible to preserve as much of the ingredients as achievable, on
the other.

The numeric size distribution analysis showed again that the swollen sample included
slightly bigger sizes for the samples without surfactant compared to samples containing
TPGS (Figure 5). The processed sample possessed similar sizes for lower D-values (D(n)0.10
and D(n)0.50), and large differences could be recognized for higher D-values (D(n)0.95
to D(n)0.99).
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Figure 5. Numerically based size distribution of unprocessed and processed SN samples. Top, left: Without surfactant.
Bottom, left: With surfactant. Right: Rescaled results for the corresponding PlantCrystals samples for better visualization

and comparison.

To get a better idea of the process, the effect of the surfactant, and the resulting
processed samples, all size analysis (D(v), D(n), light microscopy) must be considered
and combined. In general, the measurement setup for SLS cannot distinguish between
one big-sized particle and an agglomeration of particles. It is possible to do additional
measurements to check for agglomerations, if the agglomeration is not too strong and can
be decomposed, e.g., changing the stirring speed or sonication [29,30]. Nonetheless, these
procedures are not commonly used and it is possible that they do not have the desired effect.
A fast and easy solution is the use of light microscopy, which enables a fast assumption,
even for tight agglomerations. Regarding the microscopic analysis, it could be recognized
that for the sample without TPGS, agglomerations were darker, and overall, the sample
seemed cloudier. On the other hand, single particles of both samples seemed to be in the
same size range (Figure 3). This means that differences in the size of SLS measurements are
most likely related to agglomeration and not the “real” sizes of the particles.

For an interpretation of the SLS data, it is important to know that the D(v)-values
represent and emphasize larger-sized particles exponentially to the power of three, whereas
the D(n)-value represents the quantity of the particles [28]. To compare the results, a ratio of
the D-values was done by dividing the D(v)- or D(n)-value of the sample without surfactant
by the corresponding D-value with additional surfactant (Table 1). A ratio greater than 1.0
would mean that the surfactant had a stabilizing impact, whereas a ratio lower than 1.0
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would indicate a destabilizing effect, and a ratio of 1.0 precisely indicates no effect. For
the dry-milled and swollen sample (CM+S5), the strong increase in the ratio of the D(v)-
value shows that preferentially big agglomerates could be prevented by TPGS, whereas
the constant ratio of the D(n)-value reveals that the stabilization with TPGS had only a
minor impact on smaller agglomerates or single particles. For the processed samples, the
opposite can be observed; the ratio of the D(v)-value is nearly constant, but the ratio of the
D(n)-value increases with higher D(n)-values. This means that in the case of the processed
samples, larger agglomerates occur with and without TPGS (D(v)). On the other hand, the
surfactant did inhibit the agglomeration of single particles, and also, large aggregations
could at least be reduced to a certain extent (D(n)).

Table 1. The size ratio of samples without surfactant and with TPGS (D-value without surfactant
divided by D-value stabilized with TPGS).

* Sample *0.10 *0.50 *0.90 *0.95 *0.99
DW) CM+S 1.0 1.5 1.7 1.9 21
HPH 1.2 1.1 1.0 1.0 0.8
D(n) CM+S 1.3 1.0 1.1 1.2 1.1
HPH 1.3 1.0 1.3 2.7 1.6

* Corresponding D-value (e.g., D(v)0.10).

Overall, it can be summarized that TPGS as a surfactant had no major impact on
the size or size distribution, but an effect can be recognized. A self-stabilizing effect of
the PlantCrystals formulation could not be observed. On the contrary, the PlantCrystals
formulation benefited from the addition of the surfactant. HPH proved itself once again
as a highly effective technique to produce PlantCrystals formulations and it was able to
reduce the main particle size to the desired range around or below 1 pm. However, it
requires extensive pre-milling steps to prevent blockage of the machine and cannot be used
as a standalone technique [11].

3.2. Content Analysis and Antioxidant Capacity (AOC) Studies

In this section, the analysis was done to the initial unprocessed sample (bulk suspen-
sion) and the PlantCrystals to investigate the impact of the milling on the SN bio-actives,
especially the antioxidants. SN is well known for its polyphenol, flavonoid, and carotenoid
content, which show great health benefits. They have antioxidant, anti-inflammatory, and
antitumor activities, as well as many other activities [23,31,32]. In addition, it contains high
amounts of chlorophyll, which possess marked antioxidant and antimutagenic activity;
furthermore, it can be used as an antiacne and a tissue-stimulating agent [33,34]. All those
bio-actives can serve as a superior natural support to strengthen the barrier function of the
SC. Several spectrophotometric studies were conducted to investigate the effect of milling
techniques on the SN content and antioxidants. Flavonoid and carotenoid contents were
measured before and after the milling. In addition, the total polyphenol content and DPPH
assay were used to estimate the antioxidant capacity. All results of the content analysis and
assays are displayed in Table 2.

Table 2. Results of content analysis and Antioxidant Capacity (AOC) studies.

Flavonoid Carotenoid Total Polyphenol DPPH Assay
Sample Content Content Content 1C50 [mg/mLI
[ug QE] (g B-CEl [mg GAE]
Bulk Suspension 107 £2 42 +11 268 +1 0.47 £ 0.04
PlantCrystals 288 + 38 50 +5 409 + 8 0.58 + 0.27
Suspension

Diminution was expected to improve the availability of the plant constituents by the
destruction of plant cells, which should result in a further release of the active compounds,
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thus improving the pharmacological potential of the formulation. In alignment with that, a
significant improvement was observed for the flavonoid content (p-value = 0.0165). For the
bulk material, the value was 107 = 2 ug QE and could be improved to 288 £ 38 ug QE for the
PlantCrystals suspension. Therefore, it can be stated that HPH leads to a doubled flavonoid
availability of the SN PlantCrystals compared to bulk. This improvement is particularly
important for underlining the effectiveness of the PlantCrystals technique because the SN
flavonoids like ursolic acid and quercetin are considered the most important actives that are
responsible for the SN anti-aging effect on the skin. This effect is based on the ability of the
constituents to inhibit elastase and collagenase [17]. Furthermore, the improvement in the
flavonoid content was supported by the usage of the hydrophilic media in the PlantCrystals
formulation as Bourgeois et al. showed the superiority of a hydrophilic extract in regard to
antioxidant and anti-aging activities [17].

The obtained results for the total carotenoid content did not reveal any significant
improvement after the homogenization process. A possible reason for this is the exposure
to heat, air, and light during the production, in addition to the hydrophilic nature of
the formulation, which may not support the free availability of lipophilic actives like
carotenoids [22].

Polyphenols are well known for their expanded range of health benefits as antiox-
idant, antimicrobial, anti-inflammatory, antiulcer, antitumor agents, and many other ef-
fects [35-37]. SN is considered a rich source of different kinds of polyphenols, such as gallic
acid, caffeic acid, ferulic acid, quercetin, and rutin [36,38]. The analysis of the polyphenolic
content was done to provide a better understanding of the formulation. This assay is also
considered an antioxidant capacity assay and it is able to measure the hydrophilic and
lipophilic polyphenols simultaneously [39]. Comparable to the results of the flavonoid
contents, the total polyphenol content could be improved significantly (p-value = 0.0013).
The PlantCrystals sample showed a 65% higher content compared to the bulk material.
This strong increase was not expected, because previous studies by Abraham et al. showed
an increase of 1.1% after homogenization for argan seeds only [11]. The explanation for this
could be the different antioxidants of the plants: i.e., SN is rich in hydrophilic antioxidants
and chlorophyll, whereas argan seeds contain mainly lipophilic antioxidants.

The results of the DPPH assay showed that the IC50 value of the formulation could not
be improved by PlantCrystals technology. DPPH assay is an efficient antioxidant assay that
is commonly used in the literature, but it has a main drawback regarding carotenoid and
chlorophyll-rich formulations. The presence of these constituents overlaps photometrically
with the DPPH measurement, leading to a false positive reading. This overlapping could
explain the unexpected high IC50 value for the PlantCrystals formulation. This was not
expected, as previous PlantCrystals formulations always achieved an improvement in the
AOC analyzed via DPPH assay [10,11,40].

To summarize, HPH was able to increase the flavonoid content and the AOC via
polyphenol measurements but not the carotenoid content and the AOC measurement via
DPPH assay. On the one hand, possible improvements can be assigned to the particle size
reduction, which would lead to a larger surface area and consequently an improved diffu-
sion and availability of the actives. The destruction of plant cells with HPH also leads to an
improved liberation of active ingredients. On the other hand, the diminution technique
has an impact on the physicochemical stability of the constituents. The processes used in
this study introduced heat and air into the formulation to a certain extent, which could
lead to a loss of sensitive constituents, e.g., due to oxidation. Protection from light, appro-
priate cooling, and sterilization of the sample could be further improvements to produce
PlantCrystals in future studies and guarantee better protection of the valuable ingredients.

3.3. Determination of the Skin Penetration

In the last part of this study, a comparison of the penetration behavior of SN bulk and
PlantCrystals suspensions was investigated. Fluorescence microscopy enabled visualiza-
tion of the SN leaf sample on the skin, by tracking the penetration of chlorophyll type a
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and b. The SN is known for its large quantities of these natural dyes, which are responsible
for the green color of the plant. Both substances are able to absorb blue (400-420 nm) and
red light (640680 nm), resulting in a chlorophyll fluorescence at about 690 and 740 nm [41].
This red light fluoresced by chlorophyll can be tracked using fluorescence microscopy.

The results of the skin penetration study of SN leaf samples are displayed in Figure 6.
Initially, the autofluorescence of the skin was adjusted to a minimum (Figure 6A). It must be
mentioned that even the chlorophyll derived from the unprocessed bulk material showed
a visually detectable fluorescence in the SC. However, the skin penetration is inconsistent
and inhomogeneous (Figure 6B). The PlantCrystals formulation indicated a more consistent
and visually perceived higher fluorescence in the SC (Figure 6C).

Figure 6. Fluorescence microscopic images. Magnification: 200-fold. (A): Untreated skin. (B): Skin treated with SN bulk
material. (C): Skin treated with SN PlantCrystals stabilized with TPGS.

It has to be emphasized that the concentration of the plant material is the same, and
the main difference is the particle size and the amount of destroyed plant cells. This means
that differences in penetration can be explained by two effects. First, the disruption of cells
will lead to a higher content of free chloroplasts, resulting in a higher concentration and
consequently a higher concentration gradient and improved penetration [42,43]. Second,
unsolvable material and constituents are much smaller for the PlantCrystals formulation,
and this would be comparable to effects known from nanocrystals, e.g., improved adhesion
and penetration efficacy. In addition, the homogeneity would be improved due to the
smaller particle size and higher total contact area of particles [44,45].

Nonetheless, a penetration into the SC was the target of this study, and it can be
recognized that a distinct effect on the penetration depth could not be visually observed
for the PlantCrystals compared to the bulk material. The fact that chlorophyll showed no
transdermal penetration into living skin layers, even after HPH, can possibly be explained
by applying the Lipinski rule of five to the molecule. This rule is originally used to predict
the absorption or permeability behavior of drugs after oral administration. The application
of this rule in regard to the prediction of the skin penetration of a drug is currently under
discussion [46]. It states that poor permeability of a drug can be predicted if more than
one criterion applies for the molecule: More than five hydrogen-bond donor groups, ten
hydrogen-bond acceptor groups, a molecular weight of more than 500 Da, or an octanol-
water partition coefficient (logP value) greater than 5 [47]. Chlorophyll a and b both
match all the mentioned criteria besides the hydrogen-bond donor groups (Figure 1). This
indicates poor penetration properties per se for the molecules. Thus, PlantCrystals can
only improve the consistency and skin penetration depth of chlorophyll to a certain limited
extent. Nevertheless, the production of PlantCrystals via HPH increased the amount
of chlorophyll a and b in the SC. It can be assumed that if chlorophyll penetrates more
homogenously and pronounced into the SC, other plant actives with a higher permeability
will be delivered into the skin to a great extent.

Given that the SC was the intended target of this study, PlantCrystals technology is a
very promising and versatile formulation approach to exploit the benefits of many natural
herbs on skin properties. Thus, for example, many plants possess a moisturizing effect
coherent with the principles of corneotherapy to generate healthier skin [48,49]. In addition,
components such as essential fatty acids also possess positive effects, e.g., strengthening
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and repairing the skin barrier, and can even be used as penetration enhancers [50,51]. All
these positive effects of plant-derived actives and excipients are naturally incorporated
into a PlantCrystals formulation without producing any wastes.

In general, it could be shown that fluorescence microscopy is able to detect the skin
penetration of plant-based formulations. This is not only interesting from a scientific point
of view, but also for marketing and customer satisfaction, as an effect of a plant-based
formulation (e.g., household remedy or skin masks) can be simply proven, e.g., with a
special UV lamp after treatment in cosmetic studios. From a scientific point of view, this
method is a very fast and cost-effective method to estimate the efficacy of a formulation
without the addition of any fluorescence markers. Besides the drawback that only active
fluorescence components (for the most part chlorophyll, but others cannot be excluded)
can be analyzed, a general assumption about the homogeneity and amount can be done.
Moreover, for skin studies with PlantCrystals or plant-based materials, the concept of the
“fingerprint of nature” enables the analysis of the effect of a formulation (e.g., used base
(gels, creams, etc.) or penetration enhancers) without altering the original formulation or
chemical(s) addition.

4. Conclusions

The concept of the “fingerprint of nature” proved its value in this study. The detection
of the naturally occurring fluorescent chlorophyll in the stratum corneum was achieved for
PlantCrystals, as well as for bulk material. The main target of developing a SN PlantCrystals
formulation with an improved SC penetration was achieved and the SC penetration of the
PlantCrystals formulation was homogenous compared to the inhomogeneous penetration
of the bulk material. The concept of the “fingerprint of nature” should be beneficial
for other chlorophyll-rich plant-formulations as an easy and fast technique to estimate
their penetration.

During preparation of SN PlantCrystals, described here for the first time, the main
particle size of the coarse material could be reduced to the lower micro-sized range. TPGS
as additional surfactant prevented agglomeration to a certain extent. The key to activate
the full potential of PlantCrystals is the disruption of the plant cells, which was achieved
according to the size analysis. This theory was emphasized by the improved liberation
of actives and a pronounced antioxidant activity. Higher values of flavonoid content and
a better AOC measured utilizing the total phenol content make the SN PlantCrystals a
promising formulation for anti-oxidative skin therapy.

Future studies have to prove that these results are not only achievable with “the queen
of herbs.” Additional methods to measure the AOC should also be tested for their applica-
bility to chlorophyll-rich PlantCrystals. The commonly used DDPH assay, also utilized in
this study, unfortunately could not be used in this study, due to the spectrophotometric
overlap between the used reagents and the carotenoid and chlorophyll of the sample.
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