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Acne vulgaris (acne) is a common skin disorder associated with significant psychosocial impact. Current
clinical therapies include topical and systemic antibiotics, benzoyl peroxide, and retinoids. While
moderately effective, these clinical therapies fail to target all four major pathogenic causes of acne and

are associated with painful side effects. Nitric oxide (NO), an endogenous signaling molecule, represents

a promising alternative to conventional acne treatments due to its

innate antibacterial and

immunomodulatory functions. As NO is highly reactive, macromolecular NO donors are required for its
controlled, solution-phase delivery. Prior work has utilized silica nanoparticle scaffolds to store and
deliver NO, with the silica scaffold being considered inert. Herein, NO-releasing hyaluronic acid (HA), an
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endogenously produced biopolymer, was modified with NO donors to enable a dual-action therapeutic

capable of addressing the pathogenic factors responsible for acne development. The molecular weight
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1. Introduction

Acne vulgaris (acne) is a chronic inflammatory disorder of the
skin that affects more than 85% of adolescents and young
adults, making it the most common skin disorder in the United
States.'* While acne is not life-threatening, it has direct asso-
ciation with profound psychosocial effects.* Those that experi-
ence severe acne often suffer from low self-esteem, anxiety, and
depression, all of which heavily impact quality of life.*® In
addition, acne poses a significant financial burden on both
patients and healthcare systems, with annual costs incurring
over $3 billion in the United States.*”

Characteristic acne lesions (e.g., open and closed come-
dones, papules, cysts) result from obstruction and inflamma-
tion within the pilosebaceous units (i.e., hair follicles and their
accompanying sebaceous glands).>*® Pilosebaceous units are
primarily concentrated on the face, chest, and back, and as
such, these areas are the most prone to acne development.>**
Acne pathophysiology is multifactorial and involves the inter-
play of four key factors: (1) dysbiosis involving Cutibacterium
acnes (C. acnes), (2) excessive keratinocyte proliferation within
the pilosebaceous unit, (3) excessive production and altered
composition of sebum, and (4) inflammation.*>**** Hormonal
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of these HA derivatives proved important with respect to bactericidal activity against Cutibacterium
acnes and ability to modulate keratinocyte proliferation, sebum production, and inflammation.

fluctuations resulting from several factors, including puberty,
stress, diet, and genetics, stimulate excessive sebum production
and contribute to hyperkeratinization.>*** Sebum accumula-
tion and irregular keratinocyte desquamation obstruct the
pilosebaceous unit, thereby creating a low-oxygen, nutrient-rich
environment ideal for C. acnes proliferation.'®**"*® Cutibacterium
acnes is a major commensal bacterium of healthy skin; however,
C. acnes evolves into an opportunistic pathogen upon homeo-
static imbalance.”** The loss of diversity of individual C. acnes
strains and alteration of the cutaneous microbiome are highly
correlated with the pathogenesis of acne.’*>''® Further, an
inflammatory reaction fundamental to acne development is
initiated from the interaction of C. acnes with sebum and skin
cells within obstructed pilosebaceous units.>>* Current
conventional acne treatments (e.g., topical and systemic anti-
biotics, benzoyl peroxide, retinoids) primarily influence the
skin microbiome, keratinocyte proliferation, and/or inflamma-
tion to modulate the visible symptoms of acne and are often
prescribed in combination.>>* Isotretinoin, a systemic reti-
noid, is the only approved treatment that targets all four path-
ogenic factors of acne.>>" Unfortunately, these treatments
suffer from low patient compliance due to perceptions of
worsening acne, painful or severe side effects, and lengthy
treatment regimens.*>>***® Increasing antimicrobial resistance
further limits the use of topical and oral antibiotics.**** Given
the high prevalence of acne, the need for novel therapies that
address the multiple pathogenic factors of acne while limiting
off-target side effects is great.
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Nitric oxide (NO), an endogenous signaling molecule,
represents an attractive alternative to conventional acne treat-
ments due to its innate antibacterial and immunomodulatory
activities.”*® The physiological roles of NO are concentration
dependent, with high concentrations (i.e., nM-pM) eliciting
broad-spectrum antibacterial activity via multiple mechanisms
of action, including nitrosative and oxidative stresses induced
by reactive byproducts of NO (e.g., peroxynitrite, dinitrogen
trioxide) that elicit thiol nitrosation, DNA deamination, and
bacterial membrane destruction through lipid perox-
idation.>>**?*° Of importance, bacterial resistance to NO has not
been observed in vitro,*>** likely due to its multiple mechanisms
of bactericidal action, small size, and/or high reactivity. At low
concentrations (i.e., pM-nM), NO acts as an anti-inflammatory
agent that can modulate immune cell function and inflamma-
tory pathway activation to alter the release of inflammatory
mediators.>***** Low levels of NO are also believed to modulate
sebum production by altering the proliferation and differenti-
ation of sebocytes (i.e., sebaceous gland cells), as well as lipo-
genesis.?»*® Therefore, the native roles of endogenous NO in
skin physiology have motivated the study of exogenous NO
therapy for acne treatment.**’

The high reactivity and short half-life of NO in biological
milieu requires the use of chemical NO donors to modulate
acne's pathogenic factors with exogenous NO.***° Chemical NO
donors are attractive for exogenous delivery as they allow for
controlled, solution-phase delivery of NO under physiological
conditions.**** To date, chemical NO donors comprise both low
molecular weight (i.e., small molecule) and macromolecular
systems such as silica, dendrimers, and biopolymers.****” Often,
macromolecular systems aid in mitigating toxicity.*® Silica-
based nanoparticles that release NO have demonstrated
promise as potential acne therapeutics, exhibiting the ability to
modulate sebum production and C. acnes-induced inflamma-
tion by decreasing lipogenesis, clearing infection, and inhibit-
ing innate immune response stimulation.***® While promising,
the finite release of NO from such scaffolds leaves behind
carriers that are considered inert and lack beneficial thera-
peutic attributes. The development of bioactive macromolec-
ular NO-delivery scaffolds that can potentially further modulate
the pathogenic factors of acne, even after NO release has ceased,
is of great interest. Hyaluronic acid (HA), an endogenous
biopolymer, represents an attractive NO-delivery scaffold as it is
involved in key physiological processes, including cell
signaling, wound healing, and tissue regeneration.**** As
a drug delivery vehicle in the pharmaceutical and cosmetic
industries, HA is favorable due to its physicochemical proper-
ties, including water solubility, biocompatibility, and biode-
gradability.***>** Hyaluronic acid also promotes skin hydration,
supports skin barrier function, and improves the appearance of
scars, all of which may aid in acne management.>>**>’

Recently, we reported on NO-releasing HA biopolymers as
unique NO-delivery vehicles for wound healing applica-
tions.***”® Briefly, infected wounds treated with NO-releasing
HA exhibited accelerated wound closure and decreased bacte-
rial burden in a simple murine wound model compared to those
treated with the vehicle or non-NO-releasing controls.***” Nitric
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oxide-releasing HA was also found to influence lipopolysac-
charide (LPS)-stimulated macrophage phenotype and effector
functions in vitro, highlighting its immunomodulatory
activity.®® Given the promising antibacterial and immunomod-
ulatory properties of NO-releasing HA as a wound healing agent,
we sought to evaluate its potential as a multi-action acne ther-
apeutic capable of addressing the pathogenic factors of acne. A
series of HA molecular weights (i.e., 6 kDa, 90 kDa, 1000 kDa)
were modified with secondary amine-containing alkylamine
ligands and then reacted with NO gas at high pressures to form
N-diazeniumdiolate NO donors. The resulting NO-releasing HA
was utilized to elucidate the influence of both HA molecular
weight and NO-release kinetics on modulation of bacterial

viability, keratinocyte and sebocyte proliferation, sebum
production, and  toll-like  receptor (TLR)-mediated
inflammation.

2. Results and discussion

The biological functions of HA are molecular weight dependent,
with high molecular weight HA (=1 MDa) expressed in healthy
tissue eliciting immunosuppressive and anti-inflammatory
properties.®** In contrast, low molecular weight HA (1-800
kDa) is generally expressed in inflamed tissue and signals for
immunostimulatory and pro-inflammatory action.**** In acne,
HA has been shown to play a significant role in decreasing
sebum production by regulating sebaceous gland size and lipid
synthesis.®” However, the role of HA molecular weight in acne
has not yet been explored. Due to the molecular weight-
dependent properties of HA, a range of molecular weights
were utilized for NO delivery.

2.1 Synthesis and characterization of NO-releasing HA

Three molecular weights of HA, HA6 (9.0 £+ 2.3 kDa, D = 1.7),
HA90 (89.3 + 8.0 kDa, » = 1.8), and HA1000 (1150.8 £ 161.0
kDa, b = 1.2) were modified with diethylenetriamine (DETA) or
bis(3-aminopropyl)amine (DPTA) via carbodiimide chemistry,
which resulted in both covalent and ionic modification. The
amine-modified HA derivatives were then reacted with high
pressures of NO gas under basic conditions to facilitate NO
storage and tunable (via alkylamine structure) NO-release
capabilities (Scheme S1).*® Following alkylamine modification,
the molecular weights remained comparable to those of native
HA (Table S1). Scanning electron microscopy (SEM) was used to
evaluate the morphology of the unmodified and DETA-modified
HA derivatives after hydration and subsequent lyophilization
(Fig. S1). The representative SEM images of the unmodified HA6
and HA90 derivatives revealed porous structures, with porosity
appearing to decrease after modification with DETA.
Conversely, unmodified HA1000 was not porous, and modifi-
cation with DETA had no influence on its morphology.
Successful incorporation of the alkylamines was monitored
via FTIR spectroscopy, 'H NMR spectroscopy, and CHN
elemental analysis. The representative FTIR spectra revealed
a shift in peak shape toward the carbonyl region (1650 cm ") for
all molecular weights, indicative of increased amide content

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S2). The representative "H NMR spectra revealed proton
environments indicative of covalent modification around 3.39
and 2.40 ppm for the DETA- and DPTA-modified derivatives
(Fig. S3-S11). The presence of unreacted alkylamine was also
observed in each spectrum, supporting the hypothesis that the
HA is both covalently and ionically modified with the alkyl-
amines. Amine modification was further confirmed via CHN
elemental analysis, which showed an increase in total nitrogen
content from ~3 wt% for unmodified HA to ~8-10 wt% for the
amine-modified HA derivatives (Table S2). The covalent modi-
fication efficiency and total amine content (ie., covalently
conjugated and ionically incorporated) were determined for the
amine-modified HA derivatives using the integration ratios
from the 'H NMR spectra and CHN elemental analysis,
respectively.”® Covalent modification efficiency was estimated to
be ~20% for the HA6 derivatives, ~11-14% for the HA90
derivatives, and ~7-14% for the HA1000 derivatives, with total
amine content for all derivatives between ~50-70% (Table S3).
The molecular weight of the unmodified and DETA-modified
HA derivatives was also studied over time to determine the
short-term stability of the derivatives. After the initial molecular
weight was determined, the HA derivatives were incubated at
37 °C to mimic physiological conditions, with analysis every
24 h. All unmodified and DETA-modified derivatives remained
stable over a 72-h period, with no differences statistically at any
time point from the initial starting molecular weight, high-
lighting the short-term stability of these materials (Fig. S12).
The release of NO was characterized in real time using
a chemiluminescent nitric oxide analyzer (NOA; Fig. S13), with
the NO-releasing HA derivatives dissolved in pH 7.4 phosphate-
buffered saline (PBS) at 37 °C to mimic physiological condi-
tions. The resulting NO payloads ranged from 0.30-0.60 pmol
mg !, corresponding to ~15-30% conversion of secondary
amines to N-diazeniumdiolate NO donors, with differences in
functionalization efficiencies, NO totals, and NO-release
kinetics dependent on the molecular weight of HA and alkyl-
amine modification (Tables 1 and S4). Low molecular weight HA
(i.e., HA®6) exhibited significantly larger NO payloads than the
higher molecular weight derivatives (i.e., HA90, HA1000) for
both DETA and DPTA modifications. While not significant, NO
payloads appeared to diminish as the molecular weight of HA
was increased from 90 to 1000 kDa. During NO donor

Table 1 Nitric oxide-release properties of NO-releasing HA deriva-
tives in pH 7.4 PBS at 37 °C*

Material [NO] (umol mg™)  #,,,° (min) ta (h)
HA6-DETA/NO 0.46 £ 0.07%~T 41+ 11" 141 +220
HA90-DETA/NO 0.32 + 0.09 40 + 9of 10.9 + 3.17
HA1000-DETA/NO 0.28 + 0.05 30+ 4 7.7 +11
HA6-DPTA/NO 0.63 + 0.11%7 24 +4 11.9 + 1.4%7
HA90-DPTA/NO 0.40 + 0.05 22 +4 7.6 £1.5
HA1000-DPTA/NO 0.28 + 0.09 24+ 5 5.6 +1.4

“ Error represents the standard deviation from n = 3 separate syntheses.
b Total NO released over full release duration. © Half-life of NO release.
4 Duration of NO release. *p < 0.05 for HA6 compared to HA90. "p < 0.05
for HA6 compared to HA1000. p < 0.05 for DETA modifications
compared to DPTA modifications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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formation, NO gas may experience decreased accessibility to the
HA scaffold for larger molecular weights, likely due to
increasing chain entanglement and viscosity, with concomitant
lower NO payloads.** The DETA and DPTA alkylamines,
differing only in alkyl chain length, were used to achieve
tunable NO-release kinetics. The NO-releasing DETA-modified
derivatives exhibited more sustained NO-release half-lives and
durations than the NO-releasing DPTA-modified derivatives,
attributable to enhanced N-diazeniumdiolate stabilization from
the ethyl spacing of DETA versus the propyl spacing of DPTA.*
The molecular weight of HA also influenced the release dura-
tions, with the NO-releasing HA6 derivatives having the longest
release durations, followed by the NO-releasing HA90 and
HA1000 derivatives, respectively. Overall, the HA derivatives
demonstrated tunable NO-release properties dependent on HA
molecular weight and alkylamine modification.

2.2 In vitro antibacterial activity against C. acnes and S.
aureus

Proliferation of C. acnes triggers the activation of the innate
immune system and cutaneous inflammation. In addition,
cutaneous microbiome dysbiosis is implicated in the patho-
physiology of inflammatory acne and may lead to the prolifer-
ation of pathogenic species (e.g., Staphylococcus aureus; S.
aureus) that further exacerbate inflammation.”***** We thus
sought to assess the antibacterial activity of NO-releasing HA
against C. acnes and a methicillin-resistant S. aureus (MRSA)
strain.

The two Gram-positive bacterial species evaluated were
treated with concentrations of unmodified, amine-modified, or
NO-releasing HA ranging from 0.125-16 mg mL~" for HA6 and
HA90 derivatives and 0.125-8 mg mL~* for HA1000 derivatives.
The minimum bactericidal concentrations (MBCs), defined as
the concentration of material required to induce a 3-log (i.e.,
99.9%) reduction in viable bacterial colonies, were determined
after 4 and 24 h of exposure. Of note, the treatment concen-
tration for all HA1000 derivatives was limited by solution
viscosity and solubility, with 8 mg mL™" being the greatest
concentration achievable for consistent HA delivery. As ex-
pected, control (i.e., both unmodified and amine-modified) HA
derivatives did not elicit antibacterial activity over 24 h of
treatment for either bacterial species, confirming that bacteri-
cidal activity from the NO-releasing HA was from the NO release
rather than the HA scaffold (Table S5). The NO-releasing HA
derivatives elicited antibacterial activity regardless of the NO
donor modification, albeit to varying degrees (Table 2). Negli-
gible antibacterial activity was observed from the NO-releasing
derivatives after 4 h of treatment, as demonstrated by greater
MBC,y, values between 4 to greater than 16 mg mL ™" for both C.
acnes and S. aureus. The observed antibacterial activity signifi-
cantly increased between 4- and 24-h exposure, likely due to
more complete release from the remaining NO donor after the
4-h time point given that both NO-releasing HA systems had
release durations (i.e., tq) greater than 4 h. For both strains, the
MBC,,41, values ranged from 0.5-4 mg mL ™', whereby the NO-

releasing HA6 derivatives required lower treatment
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Table 2 Minimum bactericidal concentrations (MBCs) of NO-releasing HA derivatives against C. acnes and S. aureus following 4- and 24-h
exposure”

C. acnes® S. aureus®
Material MBCy;, (mg mL ™) MBCy,;, (mg mL %) MBCy;, (mg mL ™) MBCyp, (mg mL ™)
HA6-DETA/NO 4 0.5 8 1
HA90-DETA/NO 16 2 >16 4
HA1000-DETA/NO 8 2 >8 4
HA6-DPTA/NO 4 0.5 4 1
HA90-DPTA/NO 16 2 8 2
HA1000-DPTA/NO >8 4 >8 4

% MBCs determined from 7 = 3 separate experiments. ° C. acnes treated in 2% v/v WCB in pH 7.4 PBS. ¢ S. aureus treated in 2% v/v MHB in pH 7.4
PBS.

concentrations to eradicate the bacteria compared to the NO- bacterial strain (Fig. 1). Alkylamine modification did not
releasing HA90 and HA1000 derivatives. However, these strongly influence the rate of C. acnes killing (Fig. 1A and B). In
molecular weight-dependent antibacterial properties were contrast, derivatives modified with DPTA achieved a 3-log
hypothesized to result from differences in NO loading, as the reduction faster than those modified with DETA against S.
lower molecular weights achieved higher NO payloads (Table 1). aureus, within 4 and 8 h for NO-releasing HA6 and HA90/
To account for the variability in NO payloads and allow for HA1000, respectively (Fig. 1C and D). Both NO-releasing HA6
comparisons between molecular weight and alkylamine modi- derivatives elicited complete eradication within 2 h against C.
fication, the MBC,,;, values were normalized to NO dose for acnes compared to 4-8 h against S. aureus, corroborating the
both bacterial species. When comparing NO doses required for increased susceptibility of C. acnes to NO demonstrated in the
eradication, lower NO doses were needed for C. acnes versus S. MBC,g4;, results. Together, the MBC and time-kill assays high-
aureus for all NO-releasing HA derivatives, highlighting the light the antibacterial properties of NO and suggest the promise
increased susceptibility of C. acnes to NO (Table S6). It is of NO-releasing HA6 as a fast-acting antibacterial agent capable
hypothesized that the increased susceptibility is due to the of modulating C. acnes and S. aureus proliferation.
anaerobic nature of C. acnes. The NO dose was also evaluated as
a function of molecular weight, with the NO-releasing HA6
derivatives requiring the lowest NO doses to achieve a 3-log
reduction for both C. acnes and S. aureus. In contrast, the NO-
releasing HA90 and HA1000 derivatives required higher NO The primary cells involved in the development of acne are ker-
doses that were comparable to each other. The lower molecular  atinocytes and sebocytes, which are also the main cell types that
weight of HA6 may provide beneficial properties, including comprise the epidermis and sebaceous glands, respectively.**®
faster diffusion to the bacteria and/or increased bacterial Keratinocytes play a crucial role in the development of acne, as
localization for more efficient NO delivery.***” The identity of their proliferation and abnormal desquamation leads to the
the alkylamine modification and resulting NO-release kinetics formation of microcomedones, or clogged pores.*>* Similarly,
only influenced antibacterial activity toward C. acnes, with the excessive proliferation and differentiation of sebocytes
DETA-modified derivatives requiring lower NO doses for eradi- contributes to pore clogging through the overproduction of
cation regardless of the HA molecular weight. This is likely sebum.*'® Both keratinocytes and sebocytes are immune-active
a result of the slower NO-release kinetics associated with the cells involved in the inflammatory response of acne.®®% As such,
DETA modification, suggesting that sustained release of NO is  keratinocytes and sebocytes were used to evaluate the effects of
more effective against slower growing bacteria, such as C. acnes. HA and NO on cell proliferation and sebum production.

2.3 In vitro cytotoxicity against human epidermal and
sebaceous gland cells

This trend was not observed for S. aureus, indicating that While various clinical studies have demonstrated the safety
differences in NO-release kinetics do not influence antibacterial ~ of both HA and NO for dermatological applications separately,
activity against faster growing bacteria. it is important to evaluate the cytotoxicity of the NO-releasing

The antibacterial activity of NO-releasing HA was also HA derivatives.*”7° The cytotoxicity of the unmodified, amine-
assessed as a function of time via a time-kill assay to evaluate modified, and NO-releasing HA derivatives was first evaluated
the rate of bactericidal action. For this assay, a greater starting against keratinocytes and sebocytes, which allowed for the
concentration of bacteria was utilized to allow for colony determination of appropriate treatment concentrations for
counting. As such, a set dose of 8 mg mL ™' was used for all NO-  subsequent proliferation, sebum modulation, and inflamma-
releasing derivatives to ensure bacterial eradication. For both  tion assays. Keratinocytes and sebocytes were exposed to the
species, the NO-releasing HA6 derivatives reached bactericidal DETA- and DPTA-modified HA derivatives of varying molecular
levels the fastest, followed by the NO-releasing HA90 and weight for 24 h. After treatment, dose-response curves were
HA1000 derivatives, respectively, with slight differences in generated to determine the concentration of material that
exposure time required based on alkylamine modification and reduces cellular metabolic activity by 50% (i.e., ICs,) for each

7690 | RSC Adv, 2026, 16, 7687-7701 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Time-based bactericidal assay of (A and B) C. acnes and (C and D) S. aureus treated with 8 mg mL™ of NO-releasing HA6 (orange square),
HA90 (blue triangle), and HA1000 (purple diamond) with DETA (A and C) or DPTA (B and D) modifications. Untreated bacteria (black circle) were
included as controls. The dashed line indicates a 3-log (99.9%) reduction in bacterial growth compared to the starting concentration at t = 0.
Error bars represent the standard deviation from n = 3 separate experiments.

material (Fig. S14 and S15). While HA is considered a safe and
biocompatible scaffold, the addition of amine-containing
modifications and/or NO release has previously been shown
to alter the native biocompatibility of the biopolymer.***7¢%¢! As
expected, treatment with unmodified HA6, HA90, and HA1000
did not impact keratinocyte or sebocyte viability, with cell
viability remaining greater than 80% up to the highest treat-
ment concentrations tested and ICs, values of >16 mg mL ™" for
HA6/HA90 and >8 mg mL ™" for HA1000 (Fig. 2).

Broadly, chemical modification of HA with DETA or DPTA
did not impact keratinocyte or sebocyte viability, with corre-
sponding ICs, values >16 mg mL ™" and >8 mg mL ™" for most of
the amine-modified HA6/HA90 and HA1000 derivatives,
respectively (Fig. 2). However, modification of HA6 with DETA
and HA90 with both DETA or DPTA did elicit slight toxicity
toward keratinocytes, as noted by ICs, values of 13.7 £ 0.7 mg
mL ™" for HA6-DETA, 10.6 + 0.3 mg mL~" for HA90-DETA, and
12.6 + 0.6 mg mL~ " for HA90-DPTA (Fig. 2A). The slight toxicity
elicited upon alkylamine modification of HA6 and HA90 was
not observed for the sebocytes, suggesting that the keratino-
cytes are more susceptible to these materials than the sebocytes
(Fig. 2B). When loaded with NO, all HA derivatives exhibited
a decrease in cell viability, with ICs, values for keratinocytes and
sebocytes dropping to 1.5-5 mg mL~' and 3.5-7 mg mL ",
respectively, highlighting that NO payloads are strongly influ-
ential to HA's toxicity profile (Fig. 2). Again, the NO-releasing HA
derivatives elicited greater toxicity against keratinocytes, as
observed through lower ICs, values compared to those of the

© 2026 The Author(s). Published by the Royal Society of Chemistry

sebocytes, further suggesting the increased susceptibility of
keratinocytes to these materials. While there were overall trends
of increasing ICs, values corresponding with increasing HA
molecular weight, these trends are likely attributed to the
decrease in NO payload as HA molecular weight is increased.

As the HA derivatives have variable NO payloads, the ICs,
values were normalized to NO dose to allow for comparison
between molecular weight and alkylamine modification for
each cell line (Fig. S16). When comparing NO doses, slightly
lower NO doses elicited greater toxicity toward the keratinocytes
versus the sebocytes, again suggesting the increased suscepti-
bility of the keratinocytes to NO. The molecular weight of HA
had no influence on the cytotoxicity of the NO doses, as the NO
doses were similar for all molecular weights. The identity of the
alkylamine modification and resulting NO-release kinetics only
influenced toxicity toward the sebocytes, with the DETA-
modified derivatives eliciting toxicity at lower NO doses than
the DPTA-modified derivatives, suggesting that sebocytes are
more susceptible to the sustained release of NO. This trend was
not observed for the keratinocytes, indicating that differences in
NO-release kinetics have less of an effect on keratinocyte
viability. Together, the resulting ICs, values informed the upper
limit of treatment concentration for evaluation in the subse-
quent in vitro assays. Specifically, the proliferation, sebum
modulation, and inflammation assays were performed using
treatment concentrations with an upper limit of 1000 pg mL "
to avoid significant cellular toxicity.
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Fig. 2 Concentration of unmodified (light gray), amine-modified (solid), and NO-releasing (striped) HA with DETA (orange) or DPTA (blue)
modifications required to inhibit metabolic activity of (A) keratinocytes and (B) sebocytes by 50% (ICsq). Error bars represent the standard error of
the mean from n = 3 separate experiments. *p < 0.05 for HA6 compared to HA90. Ap < 0.05 for HA6 compared to HA1000. #p < 0.05 for HA90

compared to HA1000. Tp < 0.05 for DETA modifications compared to DPTA modifications.

2.4 Invitro assessment of human epidermal and sebaceous
gland cell proliferation

As stated previously, keratinocytes and sebocytes are heavily
involved in the pathogenesis of acne, as their hyperproliferation
contributes to microcomedone formation through abnormal
desquamation and excess sebum production.>**'>* As such, it
is important to design therapeutics that can suppress aberrant
cell proliferation, thereby reducing hyperkeratinization and
sebum overproduction. To evaluate the effect of unmodified,
amine-modified, and NO-releasing HA on keratinocyte and
sebocyte proliferation, cells were treated once a day for 3 d using
concentrations of material ranging from 1-1000 ug mL ™, as
determined from the cytotoxicity assays. A lower cell seeding
density and a 72-h incubation time were utilized to allow the
cells sufficient space and time to proliferate. Cell proliferation
relative to untreated control cells was determined after 72 h.
Treatment with the unmodified, amine-modified, and NO-
releasing HA derivatives at 1, 10, and 100 pug mL ' did not
significantly enhance or suppress keratinocyte proliferation,
with relative proliferations ranging from ~90-100% (Fig. 3A, C
and E). However, treatment at 1000 ug mL~" suppressed kera-
tinocyte proliferation to varying degrees depending on HA
molecular weight, alkylamine modification, and NO payload.
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Unmodified HA6 did not significantly suppress keratinocyte
proliferation at 1000 pg mL ™", with the relative proliferation
remaining at ~90% (Fig. 3A). Modification of HA6 with DETA or
DPTA significantly suppressed keratinocyte proliferation
compared to unmodified HA6, with relative proliferations of
~75%. The addition of NO release further suppressed kerati-
nocyte proliferation compared to unmodified and amine-
modified HA6, with the relative proliferation after treatment
with HA6-DETA/NO and HA6-DPTA/NO at ~45% and ~0.5%,
respectively. Similar trends were observed for keratinocytes
treated with the HA90 and HA1000 derivatives at 1000 ug mL™".
The unmodified and amine-modified HA90 derivatives elicited
significant suppression of keratinocyte proliferation, with
proliferations relative to untreated cells at ~70% (Fig. 3C).
Again, the addition of NO release further suppressed keratino-
cyte proliferation compared to unmodified and amine-modified
HA90, with the relative proliferation after treatment with HA90-
DETA/NO and HA90-DPTA/NO at ~60% and ~40%, respec-
tively. Of note, all unmodified, amine-modified, and NO-
releasing HA1000 derivatives exhibited the same suppression
of keratinocyte proliferation at 1000 pug mL™ ', with relative
proliferations of ~50-60% (Fig. 3E). Sebocytes treated with the
unmodified, amine-modified, and NO-releasing HA derivatives
revealed the same concentration-, molecular weight-,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Proliferation of (A, C and E) keratinocytes and (B, D and F) sebocytes treated with 1, 10, 100, and 1000 ug mL ™! of unmodified (black circle),
amine-modified (solid), and NO-releasing (dashed) (A and B) HAG, (C and D) HA90, and (E and F) HA1000 with DETA (blue triangle) or DPTA
(orange square) modifications, presented relative to untreated cells. Error bars represent the standard deviation from n = 3 separate experiments.

alkylamine modification-, and NO release-dependent trends in
proliferation as the keratinocytes (Fig. 3B, D and F). For both
cell types, NO release played a significant role in the suppres-
sion of proliferation for the lower HA molecular weights (i.e.,
HA6, HA90), whereas at the higher HA molecular weight (i.e.,
HA1000), neither alkylamine modification nor NO release
significantly altered the suppression of proliferation that
unmodified HA elicited. This trend is likely due to the size of the
biopolymer, as high molecular weight HA has immunosup-
pressive properties.’>* Together, these results suggest that
treatment with the NO-releasing HA derivatives does not
promote excessive keratinocyte or sebocyte proliferation and
even inhibits their proliferation at concentrations above 100 pg
mL . Thus, NO-releasing HA represents a therapeutic capable
of addressing the hyperkeratinization and excessive sebum
production associated with acne.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.5 In vitro modulation of sebum production

Increased sebum production is one of the most significant
causes of acne development, as sebum provides an ideal
anaerobic and nutrient-rich environment for C. acnes prolifer-
ation and subsequent innate immune stimulation.® As sebo-
cytes differentiate, they accumulate intracellular lipid droplets
that are eventually released as sebum through holocrine secre-
tion.” To study the influence of HA and NO on sebocyte
differentiation and lipid production, sebocytes were simulta-
neously stimulated with 1 pg mL™" of insulin to induce differ-
entiation and treated with 1-1000 pg mL~" of the unmodified,
amine-modified, or NO-releasing HA derivatives. The sebocytes
were exposed to the insulin and test materials for 24 h prior to
lipid quantification with Oil Red O, which is a dye for neutral,
intracellular lipids. Cells stained with Oil Red O were imaged
and the amount of Oil Red O per image, correlating to the
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amount of lipid accumulated, was quantified using Image].
Representative images of sebocytes stained with Oil Red O
following treatment with 1000 ug mL ™" of the HA derivatives are
shown in Fig. S17.

At all concentrations tested, treatment with the unmodified,
amine-modified, and NO-releasing HA derivatives modulated
sebocyte differentiation and resulting lipid production, as all
materials elicited a significant decrease in the amount of Oil
Red O quantified compared to untreated, differentiated cells
(Fig. 4 and $18). In general, the unmodified HA derivatives were
most effective in modulating lipid production, with these
derivatives exhibiting significantly less Oil Red O stain than
some of their corresponding amine-modified counterparts and
all of their corresponding NO-releasing counterparts, regardless
of HA molecular weight or treatment concentration. It was ex-
pected that treatment with unmodified HA at these concentra-
tions would attenuate sebum production, as Jung et al
previously demonstrated the functional role of high molecular
weight HA in human sebaceous gland biology, specifically
sebum production, in vitro and in vivo.®*> Our results corroborate
these previous findings and also confirm the role of low
molecular weight HA in modulating sebum production. The
addition of amine functionality did not strongly affect the native
properties of unmodified HA, with all derivatives significantly
decreasing lipid production for both DETA and DPTA modifi-
cations. Of interest, the amine-modified HA6 derivatives were
significantly more effective than the HA90 and HA1000 deriva-
tives at 1000 pg mL™', while the amine-modified HA1000
derivatives were significantly more effective at 1 pg mL ™.
Finally, NO release from the HA derivatives did significantly
increase lipid production compared to the unmodified and
amine-modified derivatives even though lipid production was
modulated compared to the untreated control cells, suggesting
that the HA backbone is most likely the major driver of the
observed sebum-modulating properties. These results, together
with the proliferation results, indicate that NO-releasing HA has

>
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the potential to modulate the aberrant sebocyte proliferation
and differentiation characteristic of acne.

2.6 In vitro modulation of TLR-mediated inflammation

The proliferation of C. acnes produces a multitude of biologically
active molecules (e.g., enzymes, short-chain fatty acids) that
stimulate immune cells and skin cells within the pilosebaceous
unit to secrete pro-inflammatory cytokines, initiating a strong
inflammatory response.®® These biologically active molecules are
identified by toll-like receptors (TLR) 2 and 4, which are overly
expressed on the surface of keratinocytes, sebocytes, and tissue
macrophages in acne lesions.>* The interaction of C. acnes with
TLRs stimulates nuclear factor kappa B (NF-kB), a family of
transcription factor proteins that activate the genes that produce
pro-inflammatory cytokines and other signaling molecules,
thereby triggering inflammation.®***”* Indeed, the NF-kB
pathway serves as a key modulator of inflammation.

Two NF-kB-induced secreted embryonic alkaline phosphatase
(SEAP) reporter cell lines were utilized to evaluate the ability of
unmodified, amine-modified, and NO-releasing HA derivatives to
modulate TLR-mediated NF-kB inflammatory pathway activation.
The two types of human embryonic kidney (HEK) 293 cells, which
have NF-kB-induced SEAP expression and only express either
TLR2 or TLR4, were treated with 1-1000 pg mL™"' of the HA
derivatives for 24 h prior to quantifying the amount of SEAP
expressed. The amount of SEAP activity is thus directly propor-
tional to the strength of NF-«kB activation. To stimulate the TLRs
and induce NF-«B activation, 100 ng mL " of lipopolysaccharides
(LPS) was added concurrently with the HA treatment.

The unmodified and amine-modified HA derivatives were
first evaluated to understand the contributions of HA on
modulation of TLR-mediated NF-kB activation. In general, the
unmodified and amine-modified HA derivatives did not exhibit
the ability to modulate TLR2- or TLR4-mediated inflammatory
responses activated by LPS stimulation at any concentration, as
revealed by SEAP expressions comparable to that of the LPS-

oo}

Oil Red O Area (%)

Fig. 4 Influence of 1000 pg mL™* of (A) unmodified (light gray) and amine-modified (solid) HA, and (B) NO-releasing (striped) HA with DETA
(orange) or DPTA (blue) modifications on lipid production of insulin-stimulated sebocytes (1 pg mL™). Insulin-stimulated cells without treatment
(hollow, striped) were included as a control. Error bars represent the standard deviation from n = 15 processed images. *p < 0.05 for HA

derivatives compared to the control.
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Fig. 5 Influence of 1000 pg mL™! of NO-releasing HA with DETA (striped, orange) or DPTA (striped, blue) modifications on modulation of (A)
TLR2- and (B) TLR4-mediated NF-kB activation. Unstimulated cells (dark gray) and LPS-stimulated cells (100 ng mL™Y) without treatment (hollow,
striped) were included as negative and positive controls, respectively. Error bars represent the standard deviation from n = 3 separate samples. *p
< 0.05 for NO-releasing HA derivatives compared to the positive control.

stimulated control cells (Fig. S19 and S20). Similarly, the NO-
releasing HA derivatives also did not influence NF-«B activa-
tion for the TLR2 or TLR4 cells at 1, 10, or 100 pg mL ™" treat-
ment concentrations (Fig. S21). However, increasing the
concentration of NO-releasing HA to 1000 ug mL ™" significantly
decreased activation of the NF-kB inflammatory pathway for
some derivatives (Fig. 5). Specifically, HA90-DPTA/NO and
HA1000-DPTA/NO exhibited a significant decrease in SEAP
concentration for the TLR2 cells, correlating with a significant
decrease in TLR2-mediated NF-kB activation compared to the
LPS-stimulated control (Fig. 5A). Of interest, HA6-DETA/NO,
HA6-DPTA/NO, HA90-DETA/NO, and HA90-DPTA/NO all
exhibited a significant decrease in SEAP concentration for the
TLR4 cells, suggesting that NO released from lower molecular
weights of HA (i.e., HA6, HA90) is more influential in modu-
lating NF-kB activation through TLR4 than TLR2 (Fig. 5B).
Differences in the ability of NO-releasing HA to modulate
inflammation through interactions with TLR2 and TLR4 were
expected, as HA has a stronger binding affinity for TLR4
compared to TLR2.”* Together, these results highlight NO's anti-
inflammatory properties and potential to regulate TLR-
mediated inflammation in acne.

2.7 Limitations

While the in vitro experiments presented herein demonstrate
the promise of NO-releasing low molecular weight HA as an
alternative acne therapeutic, in vivo validation is an essential
next step to further confirm its translational potential. In vivo
acne models are valuable for understanding acne pathogenesis
and evaluating the efficacy of anti-acne therapies under physi-
ological complexity. Current in vivo murine models emulate
human acne via multiple pathogenic mechanisms, inducing
inflammatory acne-like lesions through the intradermal injec-
tion of C. acnes and subsequent topical application of synthetic
sebum.””* However, skin complexity (i.e., pH, enzymes) may
alter the function of NO-releasing HA due to increased HA
degradation and premature NO release. As such, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

development of a topical formulation is also an essential next
step to optimize the stability and bioavailability of NO-releasing
HA for in vivo validation. For future in vivo studies, mice will be
intradermally injected with 1 x 10” CFU of C. acnes prior to the
application of freshly made synthetic sebum. Once acne lesions
form, the mice will be treated with NO-releasing low molecular
weight HA in a topical formulation once and twice daily for 14 d,
with the non-NO-releasing HA and vehicle formulation as
controls. Acne lesions will be visually monitored each day and
scored based on skin pathology to evaluate effectiveness and
irritation. At the end of the study, tissue from the acne lesions
will be harvested and used for cytokine, bacterial burden, and
histological analysis. Cytokine profiles and bacterial burdens
will be analyzed via Luminex and quantitative polymerase chain
reaction (qPCR) analysis, respectively, to evaluate the anti-
inflammatory and antibacterial properties of NO-releasing HA
in vivo.*”” Hematoxylin and eosin (H&E) staining will also be
performed on the tissue sections to evaluate changes in
inflammation and inflammatory cell recruitment, epidermal/
follicular wall thickness, and cystic structures with keratinized
plugs. Together, these future in vivo studies will provide a more
complete understanding of the influence of NO-releasing HA on
acne, increasing its translational potential.

3. Conclusion

Hyaluronic acid was modified with N-diazeniumdiolate NO
donors to evaluate its potential as a multi-action acne thera-
peutic capable of addressing bacterial infection, keratinocyte
proliferation, sebum production, and inflammation. While all
NO-releasing HA derivatives demonstrated antibacterial activity
against C. acnes and S. aureus, the NO-releasing HA6 derivatives
demonstrated superior antibacterial activity compared to the
NO-releasing HA90 and HA1000 derivatives, with bactericidal
concentrations as low as 0.5 mg mL™'. The biocompatibility of
native HA was not altered after alkylamine modification, as
keratinocyte and sebocyte viability remained high. Of
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importance, antibacterial doses of NO led to only minimal
cytotoxicity to keratinocytes and sebocytes. Cell proliferation
results revealed that treatment at antibacterial concentrations
suppressed keratinocyte and sebocyte proliferation, suggesting
that these materials may modulate hyperkeratinization and
sebum production. Both control (i.e., unmodified or amine-
modified) and NO-releasing HA derivatives elicited a decrease
in lipid production within sebocytes. However, the non-NO-
releasing derivatives proved to be the most effective, high-
lighting the role of the HA scaffold in sebum modulation.
Additionally, the NO-releasing HA derivatives exhibited anti-
inflammatory properties through interactions with TLR2 and
TLR4, suppressing activation of the NF-kB pathway.

Together, these in vitro results demonstrate the promise of
NO-releasing low molecular weight HA (i.e., HA6) as an alter-
native acne therapeutic. The dual activity of NO and HA
provided the ability to target all four major pathogenic causes of
acne with a single therapeutic. To further evaluate the thera-
peutic potential of low molecular weight NO-releasing HA,
future studies should utilize an in vivo acne model, as physio-
logical complexity may alter the function of NO-releasing HA.

4. Experimental section/methods
4.1 Materials

Ultra-low (<6 kDa; HA6), extra-low (80-110 kDa; HA90), and high
(1.0-1.5 MDa; HA1000) molecular weight (MW) HA was
purchased from Lotioncrafter (Eastsound, WA). Di-
ethylenetriamine (DETA), bis(3-aminopropyl)amine (DPTA), N-
hydroxysuccinimide (NHS), deuterium oxide (D,O), 2-propanol,
lipopolysaccharides (LPS) from Escherichia coli 0127:B8, adenine
hydrochloride hydrate, hydrocortisone, insulin from bovine
pancreas, cholera toxin, bovine serum albumin (BSA), Wilkins-
Chalgren anaerobic agar (WCA), Oil Red O (ORO), and resa-
zurin sodium salt were purchased from MilliporeSigma (St.
Louis, MO). Hydrochloric acid (HCI), sodium methoxide
(NaOMe; 5.4 M in methanol), fetal bovine serum (FBS), antibi-
otic-antimycotic (100x), penicillin-streptomycin (PS), human
recombinant epidermal growth factor (EGF), high glucose Dul-
becco's Modified Eagle Medium (DMEM) without pyruvate, low
glucose DMEM with pyruvate, Ham's F-12 nutrient mix, 0.05%
trypsin, keratinocyte serum-free medium, Wilkins-Chalgren
anaerobic broth (WCB), 10% buffered formalin, and common
laboratory salts and solvents were purchased from Thermo Fisher
Scientific (Waltham, MA). Poly-i-lysine was purchased from R&D
Systems (Minneapolis, MN). Normocin, HEK-Blue selective anti-
biotics, HEK-Blue-hTLR2 cells, HEK-Blue-hTLR4 cells, and
QUANTI-Blue solution were purchased from InvivoGen (San
Diego, CA). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) was purchased from TCI America (Port-
land, OR). Cellulose ester dialysis membranes, tryptic soy broth
(TSB), tryptic soy agar (TSA), and cation-adjusted Mueller Hinton
11 broth (MHB) were purchased from VWR (Radnor, PA). Human
epidermal keratinocytes (HEKs; HEK001) were purchased from
the UNC Tissue Culture Facility. Immortalized human sebaceous
gland cells (sebocytes; SEB-1) were donated by Professor Amanda
Nelson from the Department of Dermatology at Pennsylvania

7696 | RSC Adv, 2026, 16, 7687-7701

View Article Online

Paper

State University College of Medicine (Hershey, PA). The Cuti-
bacterium acnes (C. acnes) laboratory reference strain ATCC 11828
(type II phylotype, ribotype 2), isolated from an inflammatory
subcutaneous abscess, was purchased from the American Type
Culture Collection (ATCC; Manassas, VA). Staphylococcus aureus
(S. aureus; LAC) was donated by Professor Tony Richardson from
the Department of Microbiology and Molecular Genetics at the
University of Pittsburgh (Pittsburgh, PA). Argon (Ar), carbon
dioxide (CO,), nitrogen (N,), oxygen (O,), anaerobic medical mix
(5% CO,, 10% hydrogen, balance N,), NO calibration (25.87 ppm
balance N,), and pure NO (99.5%) gas cylinders were purchased
from Airgas National Welders (Raleigh, NC). Unless otherwise
specified, reagents were used as received without further purifi-
cation. Phosphate-buffered saline (PBS) was used at 10 mM, pH
7.4, and 37 °C. Distilled water was purified to a resistivity of 18.2
MQ cm and a total organic content of <6 ppb using a Millipore
Milli-Q UV Gradient A10 system (Bedford, MA).

4.2 Synthesis of amine-modified and NO-releasing HA

Modification of HA (HA6, HA90, and HA1000) with either DETA
or DPTA was achieved following previously published proto-
cols.***7% Briefly, HA (1 g) was dissolved in 40, 100, or 330 mL of
distilled water for HA6, HA90, and HA1000, respectively. After,
EDC (2024 mg) and NHS (1215 mg) were added in a 4x molar
excess, with respect to the monomer carboxylic acid groups,
followed by 1 mL of 0.5 M HCI. The reaction solution was stirred
for 20 min at room temperature to allow for carboxylic acid
activation before a 4x molar excess of DETA (1141 uL) or DPTA
(1475 pL) was added. The reaction solution was then stirred for
an additional 72 h at room temperature. Amine-modified HA6
and HA90 were collected via precipitation in ethanol and
centrifugation, washed with ethanol, and dried under vacuum
overnight. Amine-modified HA1000 was purified via dialysis
against distilled water for 48 h, with 3x daily water changes,
frozen at —80 °C, and collected via lyophilization.

N-Diazeniumdiolate NO donors were formed on the
secondary amines of amine-modified HA following previously
published protocols.***”*® Briefly, HA6 and HA90 derivatives
(150 mg) were dissolved in an 8:2 or 7:3 methanol/water
solution (10 mL), respectively. The amine-modified HA1000
derivatives (100 mg) were dissolved in a 1:1 methanol/water
solution (10 mL). An 8x molar excess of NaOMe (500 pL for
HA6/HA90, 333 uL for HA1000) was added to all solutions before
they were transferred to the stainless-steel reaction vessels of an
HEL ChemScan II High Pressure Parallel Reactor (Herts,
England). The reaction vessels were purged with argon for three
short (10 s) and three long (10 min) purges at 100 psi to remove
oxygen. The reaction vessels were then pressurized to 290 psi
with NO gas under continuous magnetic stirring for 72 h for N-
diazeniumdiolate formation. After 72 h, unreacted NO was
removed from the reaction vessels following the previous argon
purging protocol. The NO-releasing HA derivatives (HAMW-
amine/NO) were precipitated in ethanol, collected via centrifu-
gation, dried overnight under vacuum, and stored in vacuum-
sealed bags at —20 °C prior to use.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08320f

Open Access Article. Published on 06 February 2026. Downloaded on 4/6/2026 5:37:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4.3 Characterization of amine-modified HA

The molecular weight determination of unmodified and amine-
modified HA derivatives was performed using an aqueous gel
permeation chromatography (GPC) system equipped with dual
Shodex OHpak LB-806M polyhydroxy-methacrylate columns (New
York, NY), a Waters 2414 refractive index detector (Milford, MA),
and a Wyatt miniDawn TREOS multi-angle light scattering detector
(Santa Barbara, CA). The 0.1 M phosphate buffer (PB) mobile phase
was adjusted to pH 7.0 and supplemented with 0.1 M sodium
nitrate and 0.02 wt% sodium azide. The HA samples were dissolved
in the mobile phase at 1 mg mL ™' and filtered with 0.22 pm
hydrophilic polyvinylidene fluoride (PVDF) filters prior to analysis.
For short-term molecular weight stability, molecular weight was
monitored every 24 h for 72 h, with incubation at 37 °C in between
time points to mimic physiological conditions. The morphology of
unmodified and amine-modified HA was evaluated via scanning
electron microscopy (SEM). The HA derivatives were dissolved in
distilled water at 20 mg mL ™", frozen at —80 °C, and lyophilized
prior to imaging on a Hitachi S-4700 Cold Cathode Field Emission
Scanning Electron Microscope (Tokyo, Japan) at 2 kV. Attenuated
total reflectance Fourier transform infrared spectroscopy (FTIR)
was performed using a Thermo Fisher Scientific Nicolet iS50 FTIR
spectrometer (Waltham, MA). Proton nuclear magnetic resonance
(*H NMR) spectra were recorded on a Bruker Avance NEO 400 MHz
spectrometer (Billerica, MA) with a relaxation delay of 5 s. Chemical
shifts are reported in parts per million (ppm) using the resonance
of the deuterated solvent as an internal standard. Elemental
(carbon, nitrogen, hydrogen; CHN) analysis was performed on
a PerkinElmer 2400 Series Il CHNS/O Analyzer (Waltham, MA). The
unmodified and amine-modified HA derivatives (~1 mg) were
encapsulated in tin capsules prior to analysis. Covalently bound
modification efficiency was determined from the integration ratios
of the 'H NMR spectra using eqn (1), where Inog, frer, and Nieg
represent the integration of the alkylamine-modified proton signal
(i.e., ~2.40 ppm), the integration of the unchanged HA reference
signal, and the number of protons represented by the unchanged
reference peak, respectively. The value 6 represents the theoretical
number of protons in the alkylamine-modified signal.

I mod N, ref
Iref 6

Modification efficiency (%) = x 100 (1)

4.4 Characterization of NO-release properties

The real-time release of NO from HA derivatives was quantified
using a Sievers 280i nitric oxide analyzer (NOA; Boulder, CO).
The NOA was calibrated with air passed through a zero NO filter
(0 ppm of NO) and 25.87 ppm of NO calibration gas (balance N,)
prior to analysis. The NO-releasing HA derivatives (~1 mg) were
dissolved in 30 mL of deoxygenated PBS at 37 °C, and the
liberated NO was carried to the NOA at 200 mL min " via
nitrogen gas. Analysis was ended when NO release fell below the
limit of quantification of the instrument (i.e. 10 ppb).

4.5 Planktonic bactericidal assays

Cutibacterium acnes bacterial cultures were grown from frozen
stocks (—80 °C) in WCB (5 mL) at 37 °C under anaerobic
conditions for 48 h. A 1 mL aliquot of the bacterial solution was
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resuspended in 8 mL of fresh WCB and incubated under
anaerobic conditions until reaching 1 x 10° CFU mL™". The
bacterial solution was subsequently diluted to 5 x 10° CFU
mL ™" in 2% v/v WCB in pH 7.4 PBS (2 mL) prior to use. Staph-
ylococcus aureus bacterial cultures were grown from frozen
stocks (—80 °C) on TSA plates. Isolated colonies were grown
overnight under vigorous shaking (250 rpm) in TSB (5 mL) at
37 °C. Overnight cultures were diluted 1 : 50 in fresh TSB (5 mL),
grown to a concentration of 1 x 10° CFU mL ™", and subse-
quently diluted to 5 x 10° CFU mL™" in 2% v/v MHB in pH 7.4
PBS (2 mL). Unmodified, amine-modified, and NO-releasing HA
derivatives were dissolved in either 2% v/v WCB (C. acnes) or 2%
v/v MHB (S. aureus) and pH adjusted to 7.4 with 5 M HCL. The
treatments were added to the wells of 96-well plates and serially
diluted 1: 2, resulting in wells containing 100 puL of 0.125-16 mg
mL ™" of treatment for HA6 and HA90 derivatives and 0.125-
8 mg mL ' of treatment for HA1000 derivatives. After, 10 pL of
the 5 x 10° CFU mL ™" bacterial solution (C. acnes or S. aureus)
was added to each well. The 96-well plates were incubated
anaerobically or aerobically for C. acnes and S. aureus, respec-
tively, at 37 °C for 24 h. Untreated bacterial solutions were
included for each plate to ensure bacterial viability over the 24-h
duration. After 4 and 24 h, 10 pL aliquots from each well were
plated on WCA (C. acnes) or TSA (S. aureus) plates and incubated
for 72 h for C. acnes or overnight for S. aureus at 37 °C. The
minimum bactericidal concentration after 4- and 24-h exposure
(MBCyp, MBC,41) was defined as the minimum concentration in
which no bacterial growth was present on the agar.

4.6 Time-based planktonic bactericidal assays

Bacterial solutions containing 1 x 10° CFU mL " of C. acnes or
S. aureus were prepared as described above and diluted to 1 x
10" CFU mL ™" in 2% v/v WCB or 2% v/v MHB, respectively (5
mL). The NO-releasing HA derivatives were dissolved in 2% v/v
WCB or 2% v/v MHB at 16 mg mL~ ' and pH adjusted to 7.4 with
5 M HCL. Aliquots (500 pL) were added to the wells of 24-well
plates, followed by an equivalent volume of the 1 x 10" CFU
mL ™" bacterial solution to each well (1 mL total volume) to
bring the final concentration of NO-releasing HA derivatives to
8 mg mL . The 24-well plates were incubated anaerobically or
aerobically for C. acnes and S. aureus, respectively, at 37 °C for
12 h. Untreated bacterial solutions were included to ensure
bacterial viability over the 12-h duration. At discrete time points
(i.e.,0,2,4,8,and 12 h), aliquots (25 uL) were removed from the
wells, serially diluted 10 to 100 000-fold, plated on either WCA
(C. acnes) or TSA (S. aureus) plates, and incubated at 37 °C for 72
or 24 h for C. acnes or S. aureus, respectively. Bacterial viability
was determined via colony counting.

4.7 In vitro cytotoxicity assays

Human epidermal keratinocytes were grown in keratinocyte
serum-free medium supplemented with 1 wt% PS and 5 ng mL™"
human recombinant EGF. Human sebaceous gland cells were
grown in a 3:1 low glucose DMEM to Ham's F-12 mixture
supplemented with 2.5% v/v FBS, 24 ug mL™" adenine hydro-
chloride hydrate, 45.2 ng mL™" hydrocortisone, 10 ng mL™"
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insulin, 3 ng mL™" human recombinant EGF, 1.2 x 10 '° M
cholera toxin, and 1 wt% antibiotic-antimycotic (penicillin/
streptomycin/amphotericin B). All cells were incubated in 5%
v/v CO, at 37 °C until 80% confluence was reached. For both
HEKs and SEB-1s, cell suspensions of 5 x 10> cells mL™ were
prepared, and aliquots (100 pL) were added to the wells of 96-
well plates. The HEK and SEB-1 plates were then incubated for
24 h to allow the cells to adhere before the supernatant was
removed and replaced with either unmodified, amine-modified,
or NO-releasing HA derivatives (100 pL) in fresh media (pH
adjusted to 7.4 with 1 M HCI). Test media consisting of low
glucose DMEM and 1 wt% antibiotic-antimycotic was used for
SEB-1 treatment. Treatment concentrations ranged from 0.03-
16 mg mL " for HA6 and HA90 derivatives and 0.03-8 mg mL ™"
for HA1000 derivatives. After 24-h exposure to the treatments,
0.1 mg mL™" resazurin sodium salt solution in sterile distilled
water (20 pL) was added to each well and incubated for 4 h
before the fluorescence (Fl) of the solution in each well was
measured at 544 nm excitation and 590 nm emission wave-
lengths using a Molecular Devices SpectraMax M2 spectropho-
tometer (San Jose, CA). The cell viability for each sample was
calculated using eqn (2), where media/resazurin and untreated
cells/resazurin served as the blank and control, respectively.

Flytank
Flcontrol - Flblank

Flsample -

Cell viability (%) = x 100 2

4.8 Invitro cell proliferation assays

The HEKs and SEB-1s were grown under the previously
described conditions until 80% confluence was reached. A cell
suspension of 2.5 x 10° or 1 x 10° cells mL ™" was prepared for
HEKs and SEB-1s, respectively, and aliquots (100 pL) were
added to the wells of 96-well plates. After the plates were incu-
bated for 24 h, the supernatant was removed and replaced with
unmodified, amine-modified, or NO-releasing HA derivatives in
fresh media (180 uL) at 1, 10, 100, and 1000 pg mL ™. The plates
were incubated for 72 h, with treatment repeated at 24 and 48 h
to achieve a multiday treatment. Following 72-h exposure,
0.1 mg mL™" resazurin sodium salt solution in sterile distilled
water (40 pL) was added to each well and incubated for 6 h
before the fluorescence of the solution in each well was
measured as previously described. The relative cell proliferation
was calculated for each sample using eqn (3), where media/
resazurin and untreated cells/resazurin served as the blank
and control, respectively.

Flsample - Flblank

Relative proliferation (%) = x 100 (3)

Flconlrol - l:‘lblank
4.9 In vitro sebum modulation assays

Human sebocytes were grown under the previously described
conditions until 80% confluence was reached. A cell suspension
of 2.5 x 10° cells mL ™" was prepared, and aliquots (100 pL) were
added to the wells of 96-well plates. The plates were incubated
until cells reached 100% confluence within the wells. After, the
supernatant was removed and replaced with 1, 10, 100, or 1000
pug mL~' unmodified, amine-modified, or NO-releasing HA
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derivatives in SEB-1 test media containing 1 pg mL ™" of insulin
to stimulate the cells (200 uL). Untreated cells with insulin
stimulation served as controls. Following 24 h of concurrent
insulin stimulation and treatment, the supernatant was
removed and the cells were fixed for 30 min with 10% formalin
(100 pL) in preparation for ORO staining. The cells were stained
for 15 min with ORO (100 pL) before washing with 60% iso-
propanol (100 pL) and cold distilled water (100 puL) to remove
excess stain prior to imaging. Wells were imaged with an Invi-
trogen EVOS XL Core Imaging System (Fair Lawn, NJ) using the
20x objective lens, with 5 images acquired per well. All mate-
rials were tested in triplicate, for a total of 15 images per
treatment condition. The amount of stain per image was
quantified using Image]J software (Bethesda, MD).

4.10 Invitro inflammation assays

HEK-Blue-hTLR2 and HEK-Blue-hTLR4 cells were grown in high
glucose DMEM without pyruvate supplemented with 10% v/v
FBS, 1 wt% PS, and 100 pg mL™" Normocin antimicrobial
reagent. The cells were incubated in 5% v/v CO, at 37 °C until
80% confluence was reached. Cell suspensions of 4 x 10° cells
mL™" were prepared, and aliquots (100 pL) were added to the
wells of 96-well plates and allowed to adhere overnight in a total
of 200 pL of media. After, the supernatant was removed and
replaced with 1, 10, 100, or 1000 ug mL " of unmodified, amine-
modified, or NO-releasing HA derivatives in fresh media con-
taining 100 ng mL " of LPS to stimulate the cells (200 pL). Cells
without treatment or LPS stimulation and cells without treat-
ment but with LPS stimulation served as negative and positive
controls, respectively. After 24 h of concurrent HA treatment
and LPS stimulation, cell supernatant (20 pL) from each well
was removed and transferred to wells containing QUANTI-Blue
solution (180 pL) to quantify secreted embryonic alkaline
phosphatase (SEAP) activity. The plates were incubated for 1 h
before the absorbance of the QUANTI-Blue solution was
measured at 620 nm using a Molecular Devices SpectraMax M2
spectrophotometer (San Jose, CA).

4.11 Statistical analysis

Weight-average molecular weight and dispersity, NO-release
measurements, and NO donor functionalization are reported
as the average + standard deviation from n = 3 separate
syntheses. CHN elemental analysis and total amine content are
reported as the average + standard deviation from n = 3 sepa-
rate syntheses. Bacterial time-kill results are presented as the
average + standard deviation from n = 3 separate experiments.
Cell viability results are presented as the average + standard
error of the mean from n = 3 separate experiments with
mammalian cells grown on different days. Normalized ICs,
results are presented as the average + standard deviation from n
= 3 separate experiments. Cell proliferation results are pre-
sented as the average + standard deviation from n = 3 separate
experiments with mammalian cells grown on different days.
Sebum modulation results are presented as the average +
standard deviation from n = 15 images. The TLR activation
results are presented as the average + standard deviation from n
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= 3 separate samples. All statistical analyses were completed
using GraphPad Prism 10 (San Diego, CA). Nonlinear regression
(normalized response with variable slope) analysis was per-
formed to determine ICs, values. Significance testing for NO
totals, release durations, half-lives, ICs5, values, NO dose values,
and sebum production comparing HA molecular weight, and
cell proliferation and sebum production comparing treatment
concentrations, was performed via an ordinary one-way ANOVA
with Tukey's correction for multiple comparisons. Significance
testing for NO totals, release durations, half-lives, ICs, values,
NO dose values, and sebum production comparing alkylamine
modification, and cell proliferation and sebum production
comparing unmodified, amine-modified, and NO-releasing
derivatives, was performed via an ordinary one-way ANOVA
with Sidak's correction for multiple comparisons. Significance
testing for short-term molecular weight stability comparing
molecular weight at all time points to initial molecular weight,
sebum production comparing HA derivatives to insulin-
stimulated cells, and TLR inflammation comparing HA deriva-
tives to LPS-stimulated cells were performed via an ordinary
one-way ANOVA with Dunnett's correction for multiple
comparisons.
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