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Abstract: Carboxymethyl cellulose is the most used water-soluble cellulose with applications in
industries such as food, cosmetics, and tissue engineering. However, due to a perceived lack of
biological activity, carboxymethyl cellulose is mostly used as a structural element. As such, this work
sought to investigate whether CMC possesses relevant biological properties that could grant it added
value as a cosmeceutical ingredient in future skincare formulations. To that end, CMC samples (M,
between 471 and 322 kDa) skin cell cytotoxicity, impact upon pro-collagen I o I production, and
inflammatory response were evaluated. Results showed that samples were not cytotoxic towards
HaCat and HDFa up to 10 mg/mL while simultaneously promoting intracellular production of pro-
collagen I I up by 228% relative to the basal metabolism, which appeared to be related to the highest
DS and M. Additionally, CMC samples modulated HaCat immune response as they decreased by
ca. 1.4-fold IL-8 production and increased IL-6 levels by ca. five fold. Despite this increase, only two
samples presented IL-6 levels similar to those of the inflammation control. Considering these results,
CMC showed potential to be a more natural alternative to traditional bioactive cosmetic ingredients
and, as it is capable of being a bioactive and structural ingredient, it may play a key role in future

skincare formulations.

Keywords: carboxymethyl cellulose; cosmeceutical; skin keratinocytes; skin normal fibroblasts;

immunomodulation; pro-collagen production

1. Introduction

Polysaccharides are one of the most abundant bioactive inexpensive substances found
in nature and have long been used in food, cosmetics, and pharmaceutical industries.
Carboxymethyl cellulose (CMC) is the most produced and industrially used water-soluble
cellulose derivative [1,2]. It is commonly produced by a Williamson etherification, with
the first step consisting of the modification of cellulose by sodium hydroxide to obtain
the sodium cellulosate. This is followed by the production of sodium chloroacetate via
the dissolution of chloroacetic acid in sodium hydroxide, which will prompt the reac-
tion of the chlorine in the sodium chloroacetate with the sodium cellulosate to produce
CMC [3]. By definition, CMC is a copolymer constituted by two units—f3-D-glucose and (3-
D-glucopyranose 2-O-(carboxymethyl)-monosodium salt linked by (3-1,4-glycosidic bonds.
The insertion of carboxymethyl groups (-CH,-COOH) on the glucose residues in the cellu-
lose backbone improves its interfacial characteristics, providing CMC with a vast array of
properties among which are thickener, suspending aid, binder, film-former, gelling agent,
stabilizer, water retention agent, protective colloid, and rheology control agent, thus allow-
ing its applicability in very distinctive industries such as food, cosmetic, pharmaceutical,
and biomedical [4-6]. The beneficial inherent properties of CMC, in particular, its lack of
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toxicity, high stability, pH sensitivity, biodegradability, and biocompatibility, has opened
new fields of application with studies showing its potential in advanced fields such as
tissue engineering, bone-tissue engineering, and wound dressing [6-10].

When one considers the industrial applications of CMC there are various patents
describing the application in wound dressings [11], drug delivery [12], and cosmetics [13].
For cosmetics in particular, polysaccharides and CMC are widely described as being
fundamental for the development of personal care formulations. Their compatibility with
other ingredients, safety, and diverse nature (cationic, anionic or amphoteric charge) makes
them prime candidates to be modified and incorporated in formulations as moisturizers,
hydrators, and emulsifiers [14]. CMC, in particular, has been reported as being used as
a rheological modifier for hair conditioners and hair styling products; as a replacer for
surfactants in formulations while simultaneously working as an emulsifying, thickening,
and stabilizing agent; and as structural ingredient in creams, lotions, and gels [15-17]. One
example in particular has been given by Martins and Rocha [15] where CMC, in conjunction
with bacterial cellulose, was used as an emulsifier in an oil-in-water generic cosmetic cream
and was capable of fully replacing commercial surfactants and maintained rheological
properties of the formulations. Another example can be found in the work of Wongkom
and Jimtaisong [18] where the use of CMC as a delivery matrix for hydrophilic sunscreens
was described. In addition to these structural characteristics, CMC, as polymer, is less
sensitive to microbial contaminations than other natural or synthetic gelling agents, thus
extending the personal care formulations’ shelf life [17].

Taking in consideration the above information, one fact stands out: CMC has always
been described as a structural agent valued for its capacity to be compatible with other
bioactive ingredients that are responsible for the formulation’s biological activity. However,
scarce information is available in the literature reporting CMC activity as a bioactive
ingredient, and no information at all can be found exploring its potential in the modulation
of collagen synthesis or its role in inflammatory response. Moreover, this paper goes beyond
the others by trying to establish a correlation between the biological properties screened
and the CMC physicochemical and structural properties that were also evaluated here.
Thus, considering the ubiquitous nature of CMC in cosmetic formulations we hypothesize
that CMC will demonstrate biological activity that can add value and potentiate the usage
of CMC in personal care formulations. Therefore, to unlock this potential we sought to
produce, for the first time, a full image of CMC’s capacity to modulate the production of
skin metabolite which is critical for most cosmetic formulations—collagen. To that end,
four different commercially available CMC samples had their intrinsic physicochemical
and structural properties characterized and were then evaluated for their biocompatibility
towards skin keratinocytes and fibroblasts, impact upon pro-collagen I-«-I production in
fibroblasts and modulation of inflammatory response through the evaluation of interleukin-
6 and 8 using an HaCat inflammation model. With these data we try to prove for the first
time that CMC is a viable alternative for traditional collagen promoting ingredients and
that it can in fact perform a dual role in personal care formulations, being simultaneously a
structural and a bioactive ingredient.

2. Materials and Methods

The evaluation of CMC’s potential was performed according to the scheme detailed in
Figure 1, with information regarding the materials and methods used being given bellow.

2.1. CMC Samples

Three commercially available plant cellulose derived sodium carboxymethyl cellulose
samples were acquired from key manufacturers and suppliers worldwide. The samples
were coded as CMC1, CMC2, and CMC3. A standard CMC (hereinafter referred to as
CMC4) with a degree of substitution of 0.7 purchased from Sigma-Aldrich was used as
a comparative control. Chemicals were reagent-grade or better and were used without
further purification.
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Figure 1. Scheme showing the experimental procedure taken to analyze CMC’s cosmeceutical potential.

2.2. CMC Solutions Preparation

Stock solutions at 20 g/mL were prepared by dissolving each CMC powder sample in
deionized water and left stirring at room temperature until complete dissolution as follows:
20 £ 0.1 g of each CMC sample was used “as-received” with a careful and slow addition
to deionized water at 25 °C to assure a good dispersion. The solutions were then gently
stirred for 4 h after which the pH was adjusted to 6.5-7.5 using 0.1 M NaOH or 0.1 M HC],
as appropriate, to minimize the possible impact of pH.

2.3. CMC Samples Characterization
2.3.1. Structural Characterization

The structural analysis of CMC samples was attained by Fourier Transform In-
frared Spectroscopy (FT-IR), Powder X-ray Diffraction (PXRD), and Scanning Electron
Microscopy (SEM).

The FT-IR spectra were recorded using the Frontier™ MIR/FIR spectrometer from
PerkinElmer in a scanning range of 550-4000 cm ! for 16 scans at a spectral resolution of
4 cm~!. All analyses were done in triplicate.

Powder X-ray Diffraction Analysis (PXRD) was performed on Rigaku MiniFlex 600
diffractometer with Cu ko radiation, with a voltage of 40 kV and a current of 15 mA
(3° <206 > 60°; a step of 0.01 and speed rate of 3.0°/min). The evaluation of the crys-
tallinity index (%CI) was performed based on the profile and the baseline adjustment of
the diffractogram based on reflection areas by amorphous subtraction using the program
PDXL2 from Rigaku® (version 2.8.1.1). All measurements were done in duplicate.

The morphology of CMC samples was evaluated by Scanning Electron Microscopy
(SEM) on JSM-5600 LV Scanning Electron Microscope from JEOL, Tokyo, Japan. Before
analysis, the CMC powdered samples were placed in observation stubs (covered with
double-sided adhesive carbon tape (NEM tape, Nisshin, Japan) and coated with Aug/Pd
using a Sputter Coater (Polaron, Bad Schwalbach, Germany). All observations were
performed in high-vacuum with an acceleration voltage of 30 kV, at a working distance of
9-10 mm and a spot size of 4. The images presented here are representative images of the
morphology of each sample.

2.3.2. Purity

The purity of all CMC samples was evaluated according to the standard method
D1439-15 [19]. Briefly, 3 £ 0.1 g of each sample “as-received” to the nearest 0.001 g was
placed in a beaker and stirred with two portions of 150 mL of ethanol at 60 °C (80% v/v) for
15 min. The supernatant was properly decanted at the end of each step. The undissolved
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matter was then dried and weighed to calculate the percentage of CMC, on a dry weight
basis, according to the following equation:

%CMC = (A x 10,000)/(B (100 — C)) )

where: A = mass of dried residue (g); B = mass of sample used (g) and C = moisture in the
sample as received (%). All assays were performed in duplicate.

The moisture content was also studied according to the same method [19]. Briefly,
each CMC sample was placed in a crucible and heated in a convection oven at 105 °C for
2 h. Each crucible was then placed in a desiccator, covered with flat glass, cooled to room
temperature and weighed. This procedure was continuously performed for periods of 1 h
until the mass loss did not exceed 0.003 g. The determination of moisture content was
performed in duplicate for each sample.

2.3.3. Degree of Substitution

The absolute values of the Degree of Substitution (DS) of all CMC samples were
determined using potentiometric back-titration by the ASTM D1439-15 standard method in
duplicate assays for each sample [19]. According to this method, approximately 4 g of each
powdered sample placed in 75 mL of ethanol (95%, v/v) were stirred at room temperature
for 10 min, followed by the addition of 5 mL of HNOj3, under stirring. The slurry was
then boiled for 5 min. At the end of this step, the solution was removed from the heat
and continuously stirred further for 15 min. The liquid supernatant was decanted, and the
precipitate was washed with 30 mL of ethanol (80%, v/v) previously heated to 60 °C. This
step was repeated five times. Next, the precipitate was further washed with anhydrous
methanol, filtered, and dried at 105 °C for 3 h, followed by cooling in a desiccator for 40 min.
For titration purposes (repeated twice), about 0.5 g (nearest to 0.01 g) of each dried acid
CMC was dissolved in 100 mL of distilled water. Then, 25.00 mL of 0.3 N NaOH solution
was added, under stirring, and the solution was heated to a boil and boiled for 15 min. The
excess NaOH was titrated with 0.3 N HCl, using phenolphthalein as an indicator, while the
solution was still hot. The DS was calculated using Equations (2) and (3), as follows:

[(BC) — (DE)]

A= @)
0.1624
bS=1= (0.058A) @)

where A = milliequivalents of acid consumed per gram of sample; B = NaOH solution
added (mL); C = normality of NaOH solution; D = HCl solution required for titration (mL);
E = normality of HCl solution; F = weight of sample (g); 162 = gram molecular mass of the
anhydroglucose unit of cellulose; and 58 = MW of carboxymethyl group.

2.3.4. Average Molecular Weight

Chromatographic analyses were performed on the liquid chromatograph Agilent 1260
Infinity II LC System apparatus equipped with the Agilent 1290 Infinity II Evaporative
Light Scattering Detector (N2 Flow: 1.2 SLM; Evaporator temperature: 70 °C and Nebulizer
Temperature: 50 °C). PL aquagel-OH MIXED-M (PN: PL1149-6801—4.6 x 250 mm, 8 pm)
and Aquagel-OH 20 (PN: PL1120-6520 300 x 7.5 mm, 5 pm) and a pre-column (PL aquagel-
OH PN: PL1149-1240 PL aquagel-OH, 7.5 x 50 mm, 15 pm) were used. The analyses
performed in triplicate for each CMC sample were carried out using ammonium acetate
(10 mM) as solvent and eluent with a flow rate of 0.6 mL min~!. CMC solutions at 1%
(w/v) in ammonium acetate (10 mM) were previously filtered through a 0.2 um filter. All
chromatograms were analyzed using the OpenLab ChemStation program. The Shodex
standards (P-82 kit; Cat. #: WAT034207: P-800 (MW = 736 kDa); P-400 (MW = 348 kDa);
P-200 (MW = 200 kDa); P-100 (MW = 113 kDa); P-50 (MW = 49 kDa); P-20 (MW = 23 kDa);
P-10 (MW = 9.9 kDa) and P-5 (MW = 6.6 kDa)) used for the calibration curve in order to
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obtain the molar mass distribution were obtained from Waters Chromatography (Madrid,
Spain). The transformation of the chromatographic data into a molar mass distribution
implies the determination of the following parameters: (i) weight-average molar mass (Myy);
number-average molar mass (Mn); and polydispersity index (PI) [20-22]. The average
molecular weights and I based on the peak area of each fraction (Ai) selected in each
chromatogram are defined according to Equations (4)—(6):

My = (ZAM})/(ZAM) 4)
M, = (ZA;M;)/ (ZA;) 5)
I = My/M, (6)

2.4. Cell Lines and Culture Conditions

Two different cell lines were assayed throughout this work. Human keratinocytes—
HaCaT (CLS 300493, Eppelheim, Germany) and Primary Dermal Fibroblasts, normal,
human, and adult—HDFa (ATCC PCS-201-012, Manassas, VA, USA). HaCat cells were
cultured at 37 °C in a humidified atmosphere of 95% air and 5% CO,, as monolayers using
Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, L-glutamine with-
out pyruvate (ThermoScientific, Waltham, MA, USA) containing 10% fetal bovine serum
(ThermoScientific, Waltham, MA, USA) and 1% (v/v) Penicillin-Streptomycin-Fungizone
(ThermoScientific, Waltham, MA, USA). HDFa cells were cultured at 37 °C in a humidified
atmosphere of 95% air and 5% CO;, as monolayers using Fibroblast Growth Medium
(Sigma-Aldrich, St. Louis, MO, USA). Keratinocytes were used between passages 35 and 41
and fibroblasts were used between passages 7 and 9.

2.5. Cytotoxicity Evaluation

Cytotoxicity evaluation was performed according to the ISO 10993-5:2009 standard
in HaCaT and HDFa cells [23]. Cells were grown to 80-90% confluence, detached using
TrypLE Express (ThermoScientific, Waltham, MA, USA), and seeded at 1 x 10% cells/well in
a 96-well microplate (Nunclon Delta, ThermoScientific, Waltham, MA, USA). After 24 h the
culture media was carefully removed and replaced with culture media supplemented with
CMC at concentrations between 0.31 and 10 mg/mL. DMSO (Sigma, St. Louis, MO, USA)
at 10% (v/v) in culture media was used as a death control and plain culture media was used
as growth control. After 24 h of incubation, 10 uL of Presto Blue (Thermofisher, Waltham,
MA, USA) was added to each well and incubated for 1 h. After this period, fluorescence
(Ex: 560 nm; Em: 590 nm) was measured using a microplate reader (Synergy H1, Biotek
Instruments, Winooski, VI, USA). All assays were performed in quadruplicate.

2.6. Pro-Collagen I a I Biosynthesis and Quantification
2.6.1. Pro-Collagen I « I Biosynthesis

HDFa cells were grown to 80-90% confluence, detached using TrypLE Express, seeded
at5 x 10° cells/well in a 6-well microplate (Corning, New York, NY, USA), and incubated
for 24 h at 37 °C in a humidified atmosphere of 95% air and 5% CO,. After 24 h, the
culture media was carefully replaced with CMC (at the highest non-cytotoxic concentration)
supplemented media and the plate was re-incubated for another 24 h. At the end of the
assay, supernatants were collected, centrifuged to remove debris, and stored for further
analysis. Cells were washed with chilled PBS and cell extracts were obtained using the
Human Pro-Collagen I alphal Catchpoint SimpleStep Elisa (Abcam, Cambridge, MA, USA)
according to the manufacturer’s instructions. The protein content of aliquots of cells extracts
was determined using the BCA Pierce Assay Kit (ThermoScientific, Waltham, MA, USA).
All biosynthesis assays were performed in quadruplicate.
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2.6.2. Pro-Collagen I « I Quantification

The concentration of pro-collagen I « I in supernatants and cell extracts samples
was determined by enzyme-linked immunosorbent assay (ELISA) using the Human Pro-
Collagen I alphal Catchpoint SimpleStep Elisa (Abcam, Cambridge, MA, USA) according
to the manufacturer’s instructions. Cell extracts data were normalized to the sample protein
content and cell supernatants were diluted 50 x prior to analysis. The pro-collagen content
of the control group was set to 100%. All assays were performed in quadruplicate.

2.7. Inflammatory Response

Evaluation of Interleukin-6 and interleukin-8 production in HaCaT was used to
evaluate the CMC’s effect on the cellular inflammatory response. This assay was per-
formed by enzyme-linked immunosorbent assay (ELISA) using the Human IL-6 Elisa
Max Standard Set and the Human IL-8 Elisa Max Standard Set (BioLegend, San Diego,
CA, USA) according to the manufacturer’s instructions. CMC was used at the highest
non-cytotoxic concentration. Basal levels of production were used as non-stimulated con-
trol. Lipopolysaccharides from Escherichia coli (serotype O55:B5) (LPS) (Sigma-Aldrich,
St. Louis, MO, USA) at 1 ug/mL was used as a pro-inflammation control. All assays were
performed in quadruplicate.

2.8. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics v21.0.0 (New York, NY,
USA) software. As the data followed a normal distribution, one-way ANOVA coupled
with Tukey’s post hoc test was used to assess the differences between the results observed
with differences being considered significant for p-values below 0.05.

3. Results and Discussion
3.1. Carboxymethylcellulose Characterization

The structural and physical properties of all CMC samples (1-4) was performed
using standard methodologies. The real core of this section consists of the analysis of all
samples according to the same methodology to obtain standard and accurate information
on all properties of different samples that may have a putative impact on the study of the
biological properties.

3.1.1. Structural Analysis

The results of the samples structural analysis can be seen in Figure 2.

The normalized FI-IR spectra of studied CMCs highlighted in Figure 2b exhibited three
strong absorption bands at 1318, 1417, and 1591 cm ! assigned to the bending vibration of
O-H group, CHj; scissoring, and COO-asymmetrical stretching, respectively, characteristic
of the carboxymethyl functional group [24]. The broad peak at 2980-3680 cm ! is attributed
to the -OH from the carboxymethyl functional group and to the O-H stretching from
the glucose ring, while the weak absorption band at 2882-2984 cm~! indicates the C-H
stretching vibration within the glucose unit [24,25]. The absorption peak at 1023 cm ™!
is associated with the C-O stretching vibration and the absorption peak at 899 cm~! is
assigned to the glycosidic -C1-H stretching [24].

The analysis of the powder X-ray diffraction patterns of the four CMC samples re-
vealed (Figure 2c) a single reflection located at 20 = 20.3° with an amorphous phase over
to a highly crystalline region, which is in agreement with the literature [26,27]. The pre-
dominant amorphous character can be related to the breakage of hydrogen bonds in the
crystalline region of cellulose starting material, along with the electrostatic interactions
between the CMC compounds due to the anionic—CH2COO—groups [26]. Besides the
clear amorphousness of the four CMC samples, the %CI was determined to attain the
crystallinity extent of the different samples. The %CI calculation was performed on the
PDXL2 da Rigaku® (version 2.8.1.1) software, after the adjustment of the diffractogram
profile and the baseline, considering the area measurement under the single reflection,
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followed by the modelling of the amorphous background. Then, the area corresponding to
the crystalline component was obtained by the subtraction of the area of the amorphous
background from the total area, with the %CI being obtained by the ratio between the area
of crystalline and the total area. According to this analysis, CMC4 exhibited the higher
crystallinity (42.1%), followed by CMC2 (40.6%), CMC3 (35.9%), and CMC1 (32.3%).

T 1 1 1 1 1
1006 1500 2000 2500 3000 3500 4000

Wavenumber llt:m‘1 )

C) —— CMC1 (%Cl = 22.0  3.0)

—— CMC2 (%Cl = 40.6 + 2.5)

- —— CMC3 (%Cl = 32.3 £ 2.0)

=5 —— CMC4 (%Cl = 43.3 £ 3.0)
8
2
‘©
=
2
A

2-Theta (dearees)

Figure 2. Structural characterization of CMC samples by (a) scanning electron microscopy, (b) Fourier-
Transform Infrared Spectrometry, and (c) powder X-ray diffraction analysis.

The microstructure analysis of all CMC samples by SEM (Figure 2a) showed the
presence of smooth particles aggregates. CMC2 exhibited the largest aggregates, followed
by CMC 1, while the samples CMC3 and CMC4 seem to be very similar.

3.1.2. Physical Characterization

All CMC samples were characterized in terms of moisture content, purity degree,
degree of substitution, and molar mass distribution, since these parameters may have an
impact on the CMC biological properties. The data obtained are reported in Table 1.

Regarding sample purity, the results obtained showed that all CMC samples were
highly pure (ranging from 97.23 to 99.61%) with no statistically significant differences
(p > 0.05) being found between samples. The specification sheet of CMC2 reports the carbo-
hydrate content of 93 &+ 3% and the results obtained come in line with this information as
they showed it possessed a purity degree of 97.23 4 0.55%. Since no statistical differences
(p > 0.05) were obtained among the samples and taking into consideration that the specifi-
cation sheet of CMC2 (the CMC sample which showed the lowest purity) indicates that it
complies with the regulation for purity requirements according to the commission directive
96/77/EC, BGBI.L.S.230 and BGBI.1.S.2082 standards, and FAO 1992, it was considered
that all CMCs can be used for cosmetic, food, or pharmaceutical applications. In terms of
moisture content, no statistical differences (p > 0.05) were found between CMC3 and CMC4
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(5.09 and 5.97% respectively). On the other hand, CMC1 exhibited a statistically signifi-
cantly lower (p < 0.05) moisture content (3.67%) and CMC2 a significantly higher (p < 0.05)
moisture content (11.74%). The higher moisture content observed for CMC2 can be asso-
ciated with the statistically higher (p < 0.05) M, of this sample (i.e., 471.7 kDa) (Table 1)
and the largest aggregates observed (Figure 1), which can bind more water molecules. It
has been described as a proportional relationship between water absorption and My, for
cellulose derivative samples [28]. Another factor that can also contribute to the moisture
protection is the crystallinity of CMC samples (Figure 2c), as materials with a higher crys-
talline state will typically have less water vapor sorption than the amorphous state, due to
the reduction in free energy, void space, and/or surface area [29]. In this case, it was not
possible to establish a clear relationship between the crystallinity degree and the moisture
content of CMCs, and thus the M, factor appeared to have a higher impact on the CMC
water absorption.

Table 1. T Physical characteristics of the commercial CMCs evaluated. Different letters represent the
statistically significant (p < 0.05) differences found between conditions.

Molar Mass Distribution

Compound Moist % Purity (%) DS
P oisture (%) A M,, (kDa) Mn (kDa) PI
CMC1 367+019% 9961 +0212 071+ 0032 3701+ 724 313.0 £ 6.3 12400
CMC2 1174 +004> 972340553  0.80 4+ 0.01° 4717 £1.0° 382.6 + 6.0 12 4 0.0
CMC3 5094+012¢ 995540332 0.61 +0.01°¢ 407.0 +23°¢ 316.4 + 3.7 13 40.0
CMC4 597 +024¢ 995740252 071+ 0.002 32254904 2889 + 8.5 114 0.0

Note: DS—degree of substitution; MW—weight-average molar mass; Mn—number-average molar mass;
PI—polydispersity index. Different letters represent the statistically significant differences (p < 0.05) found be-
tween samples for the same condition.

These factors may also explain why CMC2 presented the largest particle aggregates
in SEM imaging (Figure 2a). The product data sheets of samples CMC 1-2 reported a
maximum moisture content of 10%, which was not experimentally verified, thus leading
to a non-conformity, while the information available for CMC 3 reported a maximum of
8%. In the case of CMC4, we found a lack of information regarding this parameter. In the
specific case of CMC1 and CMCS3, it was possible to assess the certificates of analysis, where
the values of moisture content of 2.9 and 6.3% were described, respectively. These values
are in the line with those experimentally determined here, and thus in conformity with the
maximum values defined. This parameter provides information about the water affinity
of a material or its capacity to absorb water during powder processing and storage and
thus is an important parameter to have in consideration since it significantly impacts the
product’s long-term stability and performance (e.g., compressibility, flowability, cohesion,
caking, and density) [29].

The DS constitutes a pivotal property of CMC because it not only influences its solu-
bility but also the solution characteristics, thus directly affecting the CMC physicochemical
properties. By definition, DS is the average number of carboxymethyl groups per anhy-
droglucose unit. The DS range in the commercially available CMC samples is typically
comprised between 0.4 and 1.5, with 3 being the maximum theoretical DS value [27]. The
DS determined according to the ASTM D1439 standard [19] showed some differences
between samples. For CMC1 and CMC4, no statistically significant (p > 0.05) differences
were found with both samples presenting an average DS of 0.71. On the other hand, for
CMC3 and CMC4 statistically significant (p < 0.05) differences were found, with CMC3
presenting the lowest DS (0.61) of all tested samples and CMC2 the highest (0.8). These
data are in agreement with the information available in the product datasheets for CMC1
and CMC4 (0.79 and 0.70, respectively). In the case of CMC2, the product datasheet did
not include this information, while for CMC3 the information stated that the DS range is
between 0.75 and 0.85, which is significantly different from the result obtained here.
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Metabolic inhibition %

The molar mass distribution of CMC samples was determined using the standard
curve for the molecular weight of polysaccharide patterns fromlinebreak ShodexTM
[LogMW) = —0.3615 (RT) + 10.162 with R2 of 0.981 (MW corresponds to the average
molecular weight in Da, while RT is the retention time in minutes) and Equations (4)—(6).
To obtain more rigorous data on the molar mass distribution, the chromatograms were
sectioned and properly integrated. The results obtained according to Equation (4) showed
that all samples had statistically significant (p < 0.05) different M,,s, with the average M,
of 370.1, 471.7, 407.0, and 322.5 KDa for CMC1, 2, 3, and 4, respectively. Generally, the
increase in My, led to an increase in viscosity of the aqueous solutions of CMC samples,
which could have a negative impact on the biological properties studied due to the reduced
availability of the CMC for interaction with different components in the cells.

3.1.3. Cytotoxicity Evaluation

When considering the effects of CMCs on the viability of the selected skin cell lines
the results obtained can be seen in Figure 3.
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Figure 3. Cytotoxicity of CMCs towards HaCaT (a) and HDFa (b) cells. The dotted line represents
the 30% cytotoxicity limit as defined by the ISO 10993-5:2009 standard.

For both cell lines, the studied CMCs cytotoxicity values were below the 30% threshold
(dotted line) defined by the ISO 10993-5:2009 standard [30]. However, while no cytotoxicity
was observed, it is interesting to see that for HaCaT cells (Figure 3a) the average metabolic
inhibition was 0.14%, while for HDFa (Figure 3b) it was 5.39%. This difference is most likely
due to the intrinsic differences between cell lines as fibroblasts are generally described as
being more sensitive to compounds than keratinocytes [31-33].

The lack of cytotoxicity here observed has been previously described in the litera-
ture, as CMC in its various forms has been described as being non-cytotoxic against a
variety of cell lines. For instance, CMC hydrogels have been shown to be safe towards
human osteosarcoma-derived cells, HaCaT, primary mouse embryonic fibroblast, 1.929
mouse fibroblasts, and Vero cell line [6,34-38]. Similarly, CMC scaffolds for tissue engi-
neering showed no cytotoxicity toward 1929 cells, human chondrocytes, and osteosarcoma
cells [9,39-41] and CMC nanostructures are safe toward fibroblasts, HEK293T, and HaCaT
cells [42,43]. Additionally, anionic polysaccharides, due to their lack of direct interaction
with cells, are usually regarded as non-cytotoxic toward human skin [44], as shown by
Summa and Russo [45] who demonstrated that a 3% (w/v) alginate film was biocompati-
ble with human foreskin fibroblasts, and by Pereira and Barrias [46] who showed that a
2.5 (w/v) pectin hydrogel had no cytotoxicity towards human neonatal dermal fibroblast.

3.1.4. Pro-Collagen I « I Production

Collagen, the most abundant protein found in humans, and the primary structural
component of the dermis, is responsible for conferring strength and support to human skin.
Alterations in collagen play an integral role in the ageing process. Type I collagen, the most
abundant dermal collagen, is composed of two types of pro-collagen: pro-collagen I « I
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and « 2 chains. Thus, by measuring the protein levels of pro-collagen I « I it is possible
to estimate alterations in the levels of collagen type I [47,48], which may be a critical step
toward the development of any possible cosmetic ingredient.

With regards to the effects of CMC upon pro-collagen, I « I production, the first step
was the quantification of the protein content of the cellular extracts obtained. As can be
seen from Figure 4, CMC2 and CMC4 significantly (p < 0.05) reduced the total protein
content recovered from HDFa cells.
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Figure 4. Total protein content of HDFa cells in the presence of CMC. (a) Total protein content;
(b) percentage of protein production relative to the basal level (control). Different letters represent
the statistically significant differences (p < 0.05) found between conditions.

However, considering the lack of impact on the cellular metabolism previously ob-
served, it is most likely that the reductions here observed are a result of protein adsorption
by the CMC fibers, as previous works described that anionic polymers, such as CMC, are
capable of adsorbing biomolecules [49-51]. As to why only two of the four CMC samples
assayed displayed this behavior, the most likely explanation is the crystallinity index.
Considering that both samples had a higher crystallinity index and that, as previously
shown, higher crystallinity indexes are usually associated with higher degrees of interaction
with biological molecules, it is only natural that these samples will have higher protein
adsorption properties [52,53].

When analyzing the results regarding the pro-collagen I o I production (Figure 5), one
can see that CMC was only capable of modulating intracellular production (Figure 5a) and
not extracellular (Figure 5b).
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Figure 5. Pro-collagen I « I relative percentage of production in the presence of different CMC
samples relative to the basal level (control). (a) Intracellular; (b) extracellular. Different letters
represent the statistically significant differences (p < 0.05) found between conditions.
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This discrepancy may be a result of the addition of CMC to the culture media which
may alter the reaction kinetics of collagen assembly and increase the deposition of collagen
in the extracellular matrix, a phenomenon previously described by Shendi and Marzi [54].
A similar explanation can be a mechanism similar to the steric hindrance of fibril formation
reported by Smith and Hunt [55] for an alginate hydrogel, in which pro-collagen was
observed in the pericellular space, but was not present in the extracellular matrix due
to basically a lack of space for lateral fibril growth. Additionally, authors Mesquida
and Kohl [56] and Wu and Liu [57] have previously described cationic collagen as being
adsorbed to CMC through interactions with its -COOH group. It is likely that the lack of
modulation observed in the extracellular setting was a consequence of this interaction and
not a lack of activity of CMC samples. This hypothesis has been recently confirmed by Dalir
Abdolahinia and Jafari [58], who showed through docking analysis that CMC interacted
with the Lys, Thr, and Pro amino acids present in collagen through hydrogen bonds and
van der Waals and that the affinity for said interaction was high as it had a low energy.

When considering only the intracellular data (Figure 5a), one can see that only two
samples (CMC1 and CMC2) significantly (p < 0.05) modulated collagen production with
CMC2 increasing collagen production by ca. 228% relative to the basal level of production
in the control. When considering the intrinsic properties of the CMC molecules assayed, it
is interesting to see that the highest pro-collagen I « I productions were obtained for CMC2
which showed the highest DS and M,,. Moreover, sample crystallinity does not appear to
be a differentiating factor between these samples, as CMC4 had the highest crystallinity
index of all samples assayed and produced an increase of only 11% in pro-collagen I o I
production. While the lack of previous works on this topic makes reaching any definitive
explanation for this behavior difficult, some analysis can still be performed with support
from the literature. In line with what was discussed here, Choi, Hwang [59] reported that
levan, pluronic, and CMC hydrogel enhanced collagen production in human fibroblasts.
Similarly, P.B and S [60] showed that a complex CMC scaffold led to increases in collagen
production from osteosarcoma cells. Another fact to take into consideration is that bacterial
cellulose has been shown to stimulate Type I collagen production both as a scaffold and as
a hydrogel [61,62]. If one disregards the intrinsic differences between molecules—bacterial
cellulose is composed of type I cellulose with a parallel arrangement of chains and is
more crystalline than CMC, which is composed of type II cellulose with an antiparallel
arrangement of chains and lower crystallinity—it is possible that still unknown intrinsic
properties of cellulose may be at play [52,63-65].

3.1.5. Interleukins Production

While inflammatory processes in the skin are widely associated with skin inflam-
matory diseases (such as psoriasis and atopic dermatitis), they also play a key role in
UV protection and wound healing [66,67]. In the first, UV exposure causes acute phase
responses that stimulate inflammatory factors such as IL-6 and IL-8. The second inter-
leukins, and IL-8 in particular, are one of the most important regulators of wound healing,
epithelial regeneration, and angiogenesis [65,68]. The results obtained for the interleukins
production (Figures 6 and 7) showed that, for IL-6 (Figure 6), while all CMC samples had a
pro-inflammatory effect upon HaCaT cells, only CMC3 had a stronger pro-inflammatory
activity than the LPS control. On the other hand, regarding IL-8 production (Figure 7), the
results obtained showed that all CMC samples tested significantly (p < 0.05) reduced IL-8
levels in comparison to the basal control.

When analyzing a possible impact of CMC’s intrinsic characteristics upon the data
obtained, the first major takeaway is that for IL-8 (Figure 7) no factor bears any significant
(p > 0.05) weight on the samples’ displayed activity. In contrast, data obtained regarding
IL-6 (Figure 6) presented a complex pattern of response linked to the DS and crystallinity
of the samples. CMC samples’ DS appears to influence IL-6 levels, as samples with the
lowest DS produced the highest inflammatory response. However, when the DS was above
0.7, sample crystallinity appears to play a significant role, as while both CMC1 and CMC4
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have the same DS, CMC4, which has a higher crystallinity index, produced a significantly
(p < 0.05) lower inflammatory response.
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Figure 6. IL-6 production in HaCaT cells in the presence of CMC relative to the basal level (control).
Different letters represent the statistically significant differences (p < 0.05) found between conditions.
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Figure 7. IL-8 production in HaCaT cells in the presence of CMC relative to the basal level (control).
Different letters represent the statistically significant differences (p < 0.05) found between conditions.

When considering the impact of CMCs upon these specific interleukins’ production,
no previous works exist that may allow for a direct comparison; however, this does not
mean that discussion of the data generated is not possible. When looking into the general
effect of CMC on the inflammatory response of cells the existing body of work depicts
carboxymethyl cellulose as being, in general, non-inflammatory. Nayak and Kundu [69],
showed that CMC had no pro-inflammatory activity upon HaCaT cells as no increase
in the production of TNF-« was detected. Similarly, Kollar and Zavalova [70] reported
CMC as not being pro-inflammatory toward THP-1 cells. Additionally, Nordli and Chinga-
Carrasco [43] showed that cellulose nanofibers reduced IL-6 production in HaCaT cells
and, while CMC was not at play here, this interaction shows that, in principle, cellulose-
based molecules should not have a pro-inflammatory activity. While all of the previous
works support the results here obtained for IL-8, they are contrary to those obtained for
IL-6. A possible explanation for this discrepancy may be found in the work of Lopes and
Sanchez-Martinez [50], as the authors showed that the introduction of the carboxymethyl
group in cellulose nanofibrils had a pro-inflammatory effect. However, the lack of infor-
mation regarding CMCs characteristics in these works makes identifying any responsible
characteristic or defining any pattern of activity very difficult, and as such, further assays
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are required to better understand CMCs’ pro- or anti-inflammatory potential towards
HaCaT cells.

Last but not least, the increase in IL-6 production observed may be a double-edged
sword. On the one hand, IL-6 production by HaCaT has been shown to be able to stimulate
fibroblast proliferation; on the other hand, IL-6 production in HaCaT cells has been devel-
oped as a non-animal alternative to determine a chemical’s skin sensitizing potential [71,72].
Considering the results here obtained, all samples may to some extent possess some skin
sensitization potential. However, as this assay is only one of four key events defined by
the OECD to assess skin sensitization and only a positive result in two or more of those
events leads to a positive outcome, no conclusions regarding this topic can be reached at
this point [73,74].

4. Conclusions

A comprehensive analysis of work performed led to the conclusion that the proposed
hypothesis was supported by the data reported in this work, and, as such, CMC showed
significant potential for future incorporation into skincare products not only as a structural
component but also as a bioactive one. While all the samples were shown to be capable of
modulating pro-collagen I-x-I metabolism, only CMC2 showed the largest potential for
incorporation in future products. In fact, this CMC was not cytotoxic up to 10 mg/mL
for both HaCaT and HDFa and at this concentration led to increases in pro-collagen I-«-I
of 228% relative to the basal metabolism. Interestingly, this CMC sample had the highest
DS and Mw of all tested CMCs, which seems to indicate a possible correlation between
these parameters and the observed biological modulation. Furthermore, when considering
the impact of these samples upon HaCaT inflammatory metabolism, CMC2 was once
again the best performing sample, as while all samples led to increases in the secretion
of IL-6, CMC2 led to the lowest promotion of this cytokine. Curiously, for IL-8 secretion
a completely different behavior was observed as all samples led to reductions in IL-8
production in the studied conditions. These results, while noteworthy, still require further
assays to better understand CMC'’s potential in modulating skincare relevant molecules
and in understanding the role of CMC in the immune response of skin associated cells.
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