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Abstract

House dust mites (HDMs) are major indoor allergens linked to asthma and atopic dermati-
tis, creating demand for safer, natural alternatives to synthetic acaricides and anti-allergy
agents. This study aimed to investigate the dual bioactivity of curcuminoid extract from
Curcuma longa to address HDM allergy through two distinct but complementary scopes: an
environmental approach evaluating direct acaricidal efficacy to reduce allergen exposure
and a cellular approach investigating the anti-inflammatory potential to mitigate the host’s
underlying immune response. Curcuminoids were extracted using Soxhlet extraction
with 70% ethanol and characterized via TLC, FTIR-ATR, and LC-MS. Acaricidal activity
against HDMs was evaluated using extract-impregnated filter papers (0.1–10 mg/mL) over
24 h. Cytotoxicity and anti-inflammatory effects were assessed in HaCaT keratinocytes
and RAW264.7 macrophages through cell viability, migration, phagocytic activity, nitric
oxide (NO) inhibition, and gene expression assays. The curcuminoid extract demonstrated
potent, dose-dependent acaricidal activity against HDM, achieving 100% mortality at
10 mg/mL within 24 h. A safe sub-cytotoxic concentration (≤0.001 µg/µL) preserved Ha-
CaT cell migration and metabolic activity. In LPS-stimulated RAW264.7 cells, curcuminoids
significantly reduced inflammatory NO production (p < 0.01) while enhancing phagocytic
activity. Overall, these findings highlight curcuminoids as a sustainable natural strategy
for reducing HDM exposure and mitigating allergic inflammation.

Keywords: curcuminoids; asthma; dust mites; toxicity assay; anti-inflammatory

1. Introduction
House dust mites (HDMs), particularly Dermatophagoides pteronyssinus and D. farinae,

are among the most significant sources of indoor allergens worldwide and a major cause
of allergic rhinitis, atopic dermatitis, and asthma exacerbations [1,2]. These microscopic
arthropods thrive in household environments and produce potent allergens capable of
triggering hypersensitivity reactions in genetically predisposed individuals. More than
50% of allergic patients are sensitized to HDM allergens, highlighting their public health
relevance [2].
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Conventional management strategies for HDM-related allergic diseases often rely on
allergen avoidance, pharmacotherapy, and immunotherapy. However, these approaches
can be limited by incomplete efficacy, side effects, and cost. Therefore, there is increasing
interest in eco-friendly, naturally derived agents that can both reduce allergen load and
modulate the underlying inflammatory responses.

Curcuminoids (Figure 1), polyphenolic compounds extracted from the rhizome
of Curcuma longa, have been used for centuries in traditional medicine for their anti-
inflammatory, antioxidant, and antimicrobial properties [3]. In recent years, extensive
research has demonstrated curcuminoids’ ability to modulate key immune responses, in-
cluding inhibition of pro-inflammatory cytokines, suppression of immune cell activation,
and regulation of signaling pathways such as NF-κB, ultimately contributing to reduced
inflammation and balanced immune function [4–9]. Furthermore, curcumin has exhibited
pesticidal and insecticidal activities against agricultural pests and mosquitoes [10–12],
suggesting potential acaricidal effects against HDMs.

 

Figure 1. Chemical structures of the major curcuminoids present in Curcuma longa extract: curcumin,
demethoxycurcumin (DMC), and bisdemethoxycurcumin (BDMC).

Despite this evidence, no study to date has comprehensively evaluated the dual role of
curcuminoids as both a mite-controlling agent and a modulator of epithelial and immune
responses relevant to HDM-associated allergy. To address this gap, the present study
investigates the bioactivity of Curcuma longa curcuminoid extract with two overarching
objectives: (i) to evaluate its acaricidal efficacy against HDMs as an eco-friendly household
intervention to reduce allergen exposure and (ii) to determine its immunomodulatory
and cytoprotective effects in skin and immune cell models implicated in allergic disease
pathogenesis. This study investigates the potential of curcuminoids as a natural acaricide—
an agent used to eliminate dust-mite populations—to reduce the indoor allergen load
associated with allergic diseases. While the potent capability of using curcuminoids for
this purpose has been recognized, real-world application requires further experiments.
Specifically, household-level trials are essential to confirm efficacy under actual environ-
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mental conditions, as well as the development of advanced delivery systems to overcome
challenges related to the compounds’ low solubility and stability.

In this study, the safety and biological activity of curcuminoids were systematically
evaluated using HaCaT human keratinocytes and RAW264.7 murine macrophages. HaCaT
cells are an immortalized human keratinocyte cell line derived from adult skin. They retain
the essential characteristics of normal epidermal keratinocytes, including differentiation
capacity, barrier-related functions, and responsiveness to inflammatory and allergenic
stimuli [13]. The inclusion of the HaCaT skin cell line is particularly important, as it
enables direct evaluation of curcuminoids’ suitability for topical applications aimed at
reducing allergen-induced skin manifestations such as urticaria. Their observed effects
on keratinocyte viability, wound healing potential, inflammatory gene regulation, and
membrane integrity collectively highlight the capacity of curcuminoids to support skin
barrier repair while suppressing inflammatory responses triggered by HDM allergens.
RAW264.7 cells are a murine macrophage-like cell line originating from BALB/c mice.
They are commonly used as models of innate immune responses because they exhibit
key macrophage functions, such as phagocytosis, nitric oxide production, and cytokine
secretion, when stimulated by agents such as LPS. This makes RAW264.7 cells suitable
for evaluating the anti-inflammatory, immunomodulatory, and antimicrobial activities of
natural compounds [14,15]. Hence, these specific cell lines were used to assess the potential
of curcuminoids to modulate immunological and inflammatory mechanisms underlying
dust-mite-induced allergic responses, enabling evaluation of innate immune functions
relevant to HDM-associated allergy.

When considered alongside their demonstrated acaricidal properties, these findings
position curcuminoids as compelling dual-action candidates. On one hand, curcuminoids
show potential for development into household formulations specifically designed to
reduce dust-mite populations, thereby lowering allergen exposure at the environmental
level. On the other hand, their immunomodulatory and skin-protective activities highlight
their suitability for future topical or oral formulations aimed at alleviating cutaneous
and systemic allergic symptoms associated with dust-mite allergens. Collectively, these
complementary applications underscore curcuminoids as versatile natural agents capable
of addressing both the source of allergen exposure and the resulting allergic manifestations.

2. Materials and Methods
2.1. Chemicals

All of the chemicals used in this study were of analytical grade and purchased from
Thermo Fisher Scientific (Waltham, MA, USA) or Sigma-Aldrich (Saint Louis, MO, USA).
The following chemicals and reagents were used: Dulbecco’s Modified Eagle’s Medium
(DMEM/F12; nutrient mixture, Ref. D8437), Heat-inactivated fetal bovine serum (Ref.
F9665), Penicillin–streptomycin (Ref. P4333), Trypsin-EDTA solution, Thiazolyl blue tetra-
zolium bromide (Ref. M5655), Dimethyl sulfoxide (DMSO, Ref. 472301), Mitomycin C
ready-made solution (Ref. M5353, 10 mg/mL), Lipopolysaccharides (LPS, Ref. L2880,
Escherichia coli O55:B5), Crystal violet (Ref. C0775), and Nitrite assay kit (Griess Reagent Kit,
Catalog Numbers G7921, Invitrogen™, Waltham, MA, USA). Additionally, the following
reagents were obtained from Thermo Scientific™ (Bremen, Germany), and used accord-
ing to the manufacturer’s instructions: alamarBlue™ Cell Viability Reagent, Neutral red,
SuperScript™ IV CellsDirect™ cDNA Synthesis Kit (Ref. 11750150), and PowerTrack™
SYBR™ Green Master Mix for qPCR (Ref. A46109).
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2.2. Collection of Turmeric Samples

Rhizomes of the Curcuma longa plant (turmeric) were obtained from selected commer-
cial cultivations in the Kurunegala District (7.4871◦ N, 80.3649◦ E), which is considered a
main turmeric-growing area in the intermediate zone of Sri Lanka [16]. Curcuma longa L.
(Zingiberaceae) rhizomes were authenticated from the National Herbarium, Department of
National Botanic Gardens, Peradeniya, Sri Lanka. The rhizomes were air-dried for 3–4 days
until they became crisp. The rhizomes were peeled, chopped, and pulverized, followed by
sieving through a strainer with a mesh size of 100 µm. The powdered product was used in
further experiments.

2.3. Extraction of Curcuminoids from Turmeric

Soxhlet extraction was performed to isolate the active compounds from turmeric
powder. A 50 g sample of the turmeric powder was weighed using an analytical balance
(Kern ALJ 120-4, Balingen, Germany) and 500 mL of 70% ethanol was used as the solvent in
the extraction. The extraction duration was set to 6 h at 70 ◦C. The extracted solution was
then concentrated using a rotary evaporator (IKA RV 8 V-C, Asynt Ltd., Ely, UK) at 45 ◦C
for 1 h. The concentrated product was freeze-dried, and the crude curcuminoid extract
contained 5 g, corresponding to an extraction yield of 10% (w/w), which is consistent with
previously reported yields for ethanol-based Soxhlet extractions of Curcuma longa.

To confirm the extraction process, Thin-Layer Chromatography (TLC) was performed
as described previously [17]. A silica gel TLC plate was used for the stationary phase,
while chloroform–dichloromethane–methanol (13:6:1) was used as the mobile phase. The
observation was taken under UV (365 nm) light.

2.4. Characterization of Functional Groups of the Extract
2.4.1. FT-IR Analysis

The Fourier Transform Infrared (FT-IR) spectrum of the curcuminoid extract was
recorded using an FTIR-ATR spectrophotometer (Horizon ABB-MB 3000 ATR, (ABB, Zurich,
Switzerland)) equipped with a diamond ATR accessory. The spectra were measured in
transmittance mode over 400–4000 cm−1, with 64 scans per spectrum and a nominal
resolution of 16 cm−1. Data analysis was performed using Horizon MB software and
OriginLab software (Origin 2022b, Build 9.9.5, OriginLab Corporation, Northampton,
MA, USA).

2.4.2. LC–MS Analysis

Sample preparation for curcuminoid analysis
Dried curcuminoid extract (2 mg) was reconstituted in 1 mL of methanol (2 mg/mL),

followed by dilution with an equal volume of Milli-Q water (50%, v/v) to improve solu-
bility and chromatographic performance. The sample was sonicated for 10 min at room
temperature to ensure complete dissolution and then centrifuged at 10,000 rpm for 10 min
to remove insoluble particulates. The supernatant was filtered through a 0.22 µm PTFE
syringe filter (Agilent Technologies, Santa Clara, CA, USA) and transferred into LC–MS
autosampler vials for analysis.

Liquid chromatography–mass spectrometry (LC–MS) analysis of curcuminoids
Qualitative analysis of curcuminoids was performed using an Agilent 6230 Quadrupole

Time-of-Flight (Q-TOF) (Agilent Technologies, Santa Clara, CA, USA) mass spectrometer
equipped with an electrospray ionization (ESI) source. Chromatographic separation was
achieved using an Agilent Poroshell 120 EC-C18 column (150 mm × 4.6 mm, 2.7 µm particle
size) (Agilent Technologies, Santa Clara, CA, USA) maintained at 30 ◦C. The flow rate
was set to 0.3 mL/min, and the injection volume was 5 µL. The mobile phase consisted of
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solvent A (water containing 0.1% formic acid and 5 mM ammonium acetate) and solvent
B (acetonitrile containing 0.1% formic acid and 5 mM ammonium acetate). A gradient
elution program was applied as follows: 10% B from 0 to 2 min, linear increase from 10%
to 90% B over 2 to 15 min, held at 90% B from 15 to 20 min, returned to 10% B from 20 to
22 min, and re-equilibrated at 10% B from 22 to 28 min. Mass spectrometric detection was
performed using ESI in negative ion mode. The source parameters were set as follows:
drying gas (nitrogen) flow rate of 10 L/min at 325 ◦C, nebulizer pressure of 40 psi, capil-
lary voltage of 3500 V, and fragmentor voltage of 130 V. Data were acquired over a mass
range of m/z 100–1000 using full-scan MS acquisition. LC–MS data were acquired and
processed using Agilent MassHunter software (version B.07.00). Compound annotation
was supported by comparison with spectral databases (METLIN, etc.), as well as reference
to published literature on curcuminoid phytochemistry. LC-MS assignments were based
solely on accurate mass and database matching, as authentic standards were not co-injected
for LC-MS analysis.

2.5. Bioassay Using Dust Mites
2.5.1. Collection of Dust Mites and Culturing

Dust was collected from floors, furniture, and beds using a portable hand-held vacuum
cleaner. Collected dust material was placed on a glass Petri dish in the same preparation
medium (10 cm diameter) and observed under a dissecting microscope (Labomed CZM4
Binocular Zoom Microscope, Labo America Inc., Tarzana, CA, USA) at 10 × 40 for the
presence of dust mites. The dust mites were cultured for 1 week using a 1:1 mixture of tuna
fish powder and dried yeast. The cultures were kept undisturbed to allow for population
growth [17].

2.5.2. Assessing the Toxicity Levels of Curcuminoid Extract for Dust Mites

Six concentrations (0.1, 1, 2.5, 5, 7.5, and 10 mg/mL) of turmeric powder and cur-
cuminoid extracts were prepared using 70% ethanol as the solvent. Impregnated filter
papers with each concentration for two samples were prepared by dipping filter papers
in 3 mL of each concentration separately, followed by total evaporation of the solvent
(30 min). Impregnated papers with different concentrations were placed in Petri dishes
(60 mm diameter), and a batch of 10 mites was introduced to each Petri dish. They were
exposed for 24 h, and the mortality rate was calculated. The minimum concentration of
the extracts that provides the highest mortality rate was determined. Filter papers dipped
in 3 mL of 70% ethanol and allowed to completely evaporate for 30 min were used as
vehicle control; no mortality was observed in this group after 24 h. The experimental setup
was prepared 3 times for each concentration separately for both turmeric powder and
curcuminoid extracts.

Dust mites treated with the concentration that produced the highest mortality rate
were observed under a high-power microscope (Leica DM500, Wetzlar, Germany) equipped
with a mounted camera. Their behavior was continuously monitored and recorded for
24 h.

Mortality Assessment and Criteria:
Mortality was defined based on the complete and irreversible cessation of all observ-

able movement under stereomicroscopic examination. A mite was considered dead when
no movement of legs, gnathosoma, or body was detected for a continuous observation
period of 60 s, even after gentle mechanical stimulation using a fine needle. Mites that
showed minimal but detectable movement were classified as alive. All assessments were
performed at predetermined time intervals over the 24 h monitoring period to ensure
consistency across experimental and control groups. To avoid misclassification of transient
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immobilization as mortality, mites were re-observed after 5 min before final confirmation
of death.

2.6. In Vitro Assays on Immune and Skin Cells
2.6.1. Cell Cultures

The HaCaT human epidermal keratinocytes (ATCC) (CLS Cell Lines Service GmbH,
Eppelheim, Germany; Lot No. 300493-4820) and RAW264.7 murine macrophage cells
(European Collection of Authenticated Cell Cultures [ECACC], Salisbury, UK; Catalogue
No. 91062702) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM/F12;
Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and an antibiotic mixture contain-
ing 100 U/mL penicillin and 100 µg/mL streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA). The cells were incubated at 37 ◦C in a humidified 5% CO2 atmosphere (MCO-
170AICUV-PE incubator, PHCbi, Ora-gun, Gunma, Japan). Initially, the cells were seeded
in 25 cm2 flasks and later expanded into 75 cm2 flasks upon reaching 80–90% confluency,
with an initial seeding density of 2 × 104 cells/mL. The culture medium was replaced every
two to three days.

2.6.2. Cell Viability Assay

HaCaT (human keratinocytes) and RAW264.7 (murine macrophages) were seeded in
96-well plates (Corning, NY, USA) at a density of 2 × 104 cells/mL and incubated overnight
at 37 ◦C under 5% CO2 to ensure adherence. Stock curcuminoid extract (40 µg/µL in DMSO)
was serially diluted in 1% DMEM to generate 10 concentrations (0.4 to 0.0000008 µg/µL).
Test solutions were added to the wells at a 1:100 (v/v) ratio (DMSO–media). Each concentra-
tion was tested in quadruplicate (n = 4), alongside a no-treatment (NT) control (1% DMSO
in media). Negative (Milli-Q water) and positive (70% ethanol) controls were included.
After 24 h of treatment, the wells were aspirated, washed with PBS, and incubated with
10 µL of alamarBlue reagent in 90 µL of fresh medium for 2 h. Fluorescence was quan-
tified (FLUOstar OPTIMA microplate reader, BMG LABTECH, Ortenberg, Germany) at
540/590 nm (excitation/emission).

2.6.3. Cell Proliferation Assay

Cell proliferation was assessed in HaCaT and RAW264.7 cells using the alamarBlue as-
say as previously described19, with HaCaT cells plated at 2 × 104 cells/mL in 96-well plates
(Corning, NY, USA) using DMEM/10% FBS and incubated for 24 h at 37 ◦C/5% CO2. Cur-
cuminoid extracts (40 µg/µL stock in DMSO) were diluted to 0.001 µg/µL in culture media
(maintaining 1% DMSO) and applied to cells for 24, 48, and 72 h. At each time point,
the medium was replaced with 10 µL alamarBlue in 90 µL fresh media, followed by 4 h
incubation and fluorescence measurement (540/590 nm; FLUOstar OPTIMA). Controls
included mitomycin-C (0.004 µg/µL; negative), LPS (100 ng/mL; positive; E. coli O55:B5,
MilliporeSigma, Saint Louis, MO, USA), and untreated cells (1% DMSO).

2.6.4. Cell Migration Assay

The migratory potential of HaCaT cells was evaluated using a scratch wound assay
following established methods. Twenty cells (1 × 105 cells/mL) were seeded in 48-well
plates (Corning) and cultured at 37 ◦C/5% CO2 until reaching 90% confluency. Uniform
wounds were created using a 200 µL sterile pipette tip, followed by PBS (1X) washes
to remove debris. Test treatments consisted of curcuminoid extracts (0.001 µg/µL final
concentration) prepared by adding 5 µL stock solution (in DMSO) to 495 µL DMEM per
well (final DMSO concentration: 1%). Following 24 and 48 h incubation at 37 ◦C, cells
were processed via: (1) PBS (1X) washing, (2) fixation with 3.7% paraformaldehyde (2 min),
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(3) methanol permeabilization (15 min), and (4) staining with 1% crystal violet (Sigma C0775,
Saint Louis, MO, USA; 10 min in 2% ethanol). Migration was documented using phase-
contrast microscopy (10X; ZEISS Axiovert 5 (Oberkochen, Germany) with motorized stage),
with wound areas (mm2) quantified at 0, 24, and 48 h using ZEN software (version 3.14,
Carl Zeiss, Oberkochen, Germany). ImageJ (version 1.53a, National Institutes of Health,
Bethesda, MD, USA) analysis determined morphological parameters (area, perimeter, Feret
diameter, circularity). Wound closure percentage was calculated as follows:

[(AreaT0 − AreaTt)/AreaT0] × 100 (1)

where T0 = initial wound area and Tt = area at time points.

2.6.5. Microscopy and Image Analysis for Toxicity

The cytotoxic effects of the test compounds on cellular morphology were evaluated
in HaCaT and RAW264.7 cells using phase-contrast microscopy. Cells were seeded at
1 × 105 cells/well in a 96-well microplate and cultured for 24 h at 37 ◦C under 5% CO2.
Curcuminoid extracts (40 µg/µL stock in DMSO) were diluted to final concentrations
of 0.4, 0.001, and 0.0000001 µg/µL in complete culture media, maintaining a constant
1% DMSO concentration across all treatments. Following 24 h of exposure, cellular mor-
phology was examined using an inverted phase-contrast microscope (ZEISS Axiovert 5,
20× magnification) equipped with motorized stages for image acquisition.

Propidium iodide cytotoxicity assay:
Cell viability was assessed in HaCaT cells using propidium iodide (PI) staining, where

membrane-impermeant PI selectively labels non-viable cells by intercalating with nucleic
acids. Water-insoluble curcuminoid extracts (40 µg/µL DMSO stock) were serially diluted
in complete media to generate test concentrations (0.4, 0.2, 0.1, 0.05, 0.03, 0.01, 0.006,
0.003, and 0.001 µg/µL), maintaining 1% DMSO across all treatments. Following 24 h of
incubation, cells were stained with PI (15 min, RT) and immediately imaged by means of
fluorescence microscopy (ZEISS Axiovert 5, 20×). Controls included: 70% ethanol (positive
control), mitomycin-C (0.04 µg/µL; negative control), 1% DMSO in media (vehicle control,
NT-I), and media with 1 µL Milli-Q water (media-only control, NT-II).

2.6.6. Anti-Inflammatory Activity
Nitric Oxide (NO) Inhibition Assay

The anti-inflammatory potential of curcuminoid extract was evaluated through NO
suppression in LPS-stimulated RAW264.7 macrophages (1 × 105 cells/mL in 96-well plates).
Following overnight incubation (37 ◦C, 5% CO2), cells were treated with curcuminoid
extracts (0.04, 0.001, 0.00001 µg/µL final concentrations in 1% DMSO) ± LPS (100 ng/mL)
for 24 h. After removing the supernatant and PBS wash, NO production was quantified via
the Griess reaction, measuring nitrite accumulation at 540 nm (FLUOstar OPTIMA).

Determination of Phagocytosis Activity

Phagocytic capacity was determined by means of neutral red uptake assay (modified
from Premarathna et al., 2023 [18]). RAW264.7 cells (1 × 105 cells/mL) were treated for 24 h
with curcuminoid extracts (0.4, 0.001, 0.0000001 µg/µL in 1% DMSO), LPS (100 ng/mL;
positive control), or MMC (0.04 µg/mL; negative control). Following incubation, cells were
exposed to neutral red (0.075% in PBS/DMEM, 1:1 v/v) for 2 h at 37 ◦C. After PBS washing,
the intracellular dye was extracted with 1% acetic acid/50% ethanol (overnight at 25 ◦C)
and quantified at 540 nm. Phagocytosis rate was calculated as follows:

% Phagocytosis = [(ODtreat − ODblank)/(ODnt − ODblank)] × 100 (2)
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where:
ODtreat = treated cells
ODnt = untreated control (Milli-Q water)
ODβlank = media background

2.6.7. Gene Expression

HaCaT and RAW264.7 cells were seeded at a density of 1 × 105 cells/mL in 24-well
plates (Corning) and cultured in DMEM supplemented with 10% FBS for 24 h at 37 ◦C
under 5% CO2 atmosphere. Cells were treated with water-insoluble curcuminoid extracts
prepared by diluting 5 µL of stock solution (0.001 µg/µL final concentration) in 495 µL cul-
ture medium per well, maintaining a final DMSO concentration of 1%. Lipopolysaccharide
(100 µg/mL) and mitomycin-C (0.004 µg/mL) served as positive and negative controls,
respectively. Following treatment periods of 24, 48, and 72 h, cDNA was synthesized using
the SuperScript™ IV CellsDirect™ cDNA Synthesis Kit with subsequent quantification
by means of NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific, Wilmington,
DE, USA). Quantitative PCR was performed in 20 µL reaction volumes containing Power-
Track™ SYBR™ Green Master Mix (10 µL), cDNA template (5 µL), and 1.5 µM forward
and reverse primers for target genes (TNF-α, TGF-β) and the reference gene (β-actin),
completed to volume with DNase/RNase-free water. Thermal cycling conditions consisted
of initial denaturation (95 ◦C, 5 min), followed by 40 cycles of denaturation (95 ◦C, 15 s),
annealing (56.8 ◦C, 45 s), and extension (72 ◦C, 30 s), with final melting curve analysis
(55–95 ◦C). Relative gene expression was determined using the comparative CT method
(2−∆∆CT) normalized to β-actin expression [19].

2.7. Statistical Analysis

All data were analyzed using GraphPad Prism 10.0.2 (San Diego, CA, USA). Results
are presented as the mean ± standard error of the mean (SEM) from at least four inde-
pendent experiments (n = 4). Statistical comparisons between treatment groups and the
non-treated (NT) control were performed using one-way or two-way ANOVA, followed
by Dunnett’s multiple comparisons test. Statistical significance was defined as * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001. For gene expression analysis, relative mRNA
expression was normalized to β-actin and calculated using the 2−∆∆CT method. Statistical
comparisons between the curcuminoid-treated group (0.001 µg/µL) and the untreated con-
trol (NT) were performed using an unpaired, two-tailed Student’s t-test. A p-value < 0.05
was considered statistically significant; ns indicates not significant (p > 0.05).

3. Results
3.1. Characterization of the Functional Groups in the Curcuminoid Extract
3.1.1. Thin-Layer Chromatography (TLC) Test for the Extract

The determination of the curcuminoid fingerprint in the curcuminoid extract was
carried out with the TLC method using curcumin (CRM), desmethoxycurcumin (DMC),
and bisdemethoxycurcumin (BDMC) standards. The alignment of Rf values between
the extracted compounds and the standards indicates that the turmeric extract contains
curcumin, demethoxycurcumin, and bisdemethoxycurcumin. And the alignment of Rf

values with the literature provides even more clarity in determining the curcuminoids in
the sample [17]. The recorded Rf values were: curcumin (Rf = 0.66), demethoxycurcumin
(Rf = 0.39), and bisdemethoxycurcumin (Rf = 0.19), using chloroform–dichloromethane–
methanol (13:6:1) as the mobile phase under UV light at 365 nm.
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3.1.2. Functional Group Characterization of Curcuminoid Extract

The FTIR-ATR spectrum of curcuminoid extract (Figure 2) shows stretching vibrations
at 1571 cm−1 attributed predominantly to the overlapping stretching vibrations of alkenes
(C=C) and carbonyl (C=O) character. It shows stretching vibration at 3200–3500 cm−1 due
to O-H groups, C=C aromatic stretching vibration at 1434 cm−1, and a band at 1500 cm−1

attributed to the mixed vibrations, including stretching carbonyl bond vibrations ν(C=O),
in-plane bending vibrations around aliphatic δ CC-C, δ CC=O, and in-plane bending vibra-
tions around aromatic δ CC-H of keto and enol configurations, and stretching vibrations
around aromatic ν C-C bonds of keto and enolic form of curcuminoids [20]. Plane deforma-
tion vibration (ar)C–H can be seen at 952 cm−1 (1250–950 cm−1), while the (ar)C–C group,
expected in the range 3080–3030 cm−1, overlaps with the broad peak around 3389 cm−1.
The band at 1040 cm−1 corresponds to (ar)C–O–(al)C symmetric stretching vibrations,
usually observed in the range 1075–1020 cm−1 [21].

Figure 2. FTIR-ATR spectrum of freeze-dried powder of curcuminoid extract.

3.1.3. LC-MS Characterization of Curcuminoids

As shown in Figure 3, the three principal curcuminoids were successfully separated
and identified using reversed-phase liquid chromatography–high-resolution mass spec-
trometry (LC-MS), following methodology similar to that reported by Núñez et al. 2020 [22].
The separation was achieved on a C18 column using a mobile phase gradient of water and
acetonitrile containing 0.1% formic acid. Bisdemethoxycurcumin (BDMC), which lacks
methoxy groups and is therefore the least hydrophobic (most polar) compound among
the three, eluted first at a retention time of 15.926 min. Its deprotonated molecular ion
([M–H]−) was detected at m/z 307.0973, corresponding to the exact molecular formula
C19H15O4 (calculated [M–H]−: 307.0976). Demethoxycurcumin (DMC), containing one
methoxy group and exhibiting intermediate hydrophobicity, eluted next at RT 16.126 min
with an [M–H]− ion at m/z 337.1075. This mass corresponds to C20H17O5 (calculated
[M–H]−: 337.1080), representing a mass increase of 30 Da compared to BDMC due to the
addition of one methoxy group (–OCH3). Curcumin, bearing two methoxy groups and
therefore the most hydrophobic (least polar) compound among the three, eluted last at RT
16.359 min. Its [M–H]− ion was observed at m/z 367.1191, matching the exact mass for
C21H19O6 (calculated [M–H]−: 367.1185). The successive mass differences of 30 Da between
BDMC, DMC, and curcumin confirm the sequential addition of methoxy substituents. In
reversed-phase chromatography, retention time increases with increasing hydrophobicity.
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Therefore, the observed elution order (BDMC < DMC < curcumin) is consistent with the
increasing number of methoxy groups, which enhance hydrophobicity. This interpretation
aligns with published LC-MS analyses of curcuminoids [22,23].

Figure 3. LC–MS characterization of the curcuminoid extract. (A) Total ion chromatogram (TIC)
and extracted ion chromatograms (EICs) of bisdemethoxycurcumin (BDMC), demethoxycurcumin
(DMC), and curcumin. (B) Negative-ion mass spectra of the corresponding chromatographic peaks,
confirming the identities of the three curcuminoids.

3.2. Bioassay Using Dust Mites
Comparative Toxicity of Turmeric Powder and Curcuminoid Extract on House Dust Mites

The mortality rates of dust mites varied significantly depending on the type of ex-
tract and its concentration. Turmeric powder showed no acaricidal activity at any of the
tested concentrations (0.1, 1, 2.5, 5, 7.5, and 10 mg/mL), with all replicates recording
0.0% mortality (mean mortality: 0.0% ± 0.0). Similarly, curcuminoid extract at concen-
trations of 0.1 and 1 mg/mL showed no mortality (mean mortality: 0.0% ± 0.0). At 2.5,
5.0, and 7.5 mg/mL, curcuminoid extract produced progressive mortality of 25.0%, 60.0%,
and 85.0%, respectively, demonstrating a clear dose-dependent response. Exposure to
curcuminoid extract at 10 mg/mL resulted in 100% mortality across all replicates (mean
mortality: 100.0% ± 0.0). These findings indicate that curcuminoid extract, but not crude
turmeric powder, exerts a measurable acaricidal effect against house dust mites at higher
concentrations, achieving complete mortality at 10 mg/mL within 24 h.

The selection of ten mites per condition was based on its use as a standardized
experimental unit that allowed consistent replication and comparative analysis across
treatments. This number ensured sufficient sensitivity to detect mortality differences while
maintaining feasibility for continuous microscopic observation and accurate mortality
scoring over a 24 h exposure period. The batch size also minimized handling stress and
misclassification, thereby improving data reliability and reproducibility.

A two-way analysis of variance (ANOVA) revealed a statistically significant main
effect of extract type (F (1,24) = 162.00; p < 0.001), a significant main effect of concentra-
tion (F (5,24) = 174.75, p < 0.001), and a significant interaction between extract type and
concentration (F (5,24) = 171.20, p < 0.001). Post hoc comparisons using Tukey’s HSD test
indicated that the mortality rate for curcuminoid extract at 10 mg/mL was significantly
higher (p < 0.001) than all other groups. To clarify the significant interaction effect, simple
effects analysis was performed by conducting one-way ANOVA for each extract type sepa-
rately at each of the six individual concentration levels (0.1, 1, 2.5, 5, 7.5, and 10 mg/mL),
followed by Tukey’s HSD pairwise comparisons between curcuminoid extract and turmeric
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powder at each concentration. This approach confirmed that the two extract types differed
significantly only at 10 mg/mL (p < 0.001), while no significant difference was detected at
the five lower concentrations, where both extracts produced 0% mortality. These findings
indicate that curcuminoid extract, but not turmeric powder, exerts a potent acaricidal effect
at higher concentrations and may serve as a promising natural control agent against dust
mites in household environments.

Figure 4 illustrates the mortality rates of dust mites following 24 h exposure to increas-
ing concentrations (0.1, 1, 2.5, 5, 7.5, and 10 mg/mL) of curcuminoid extract and turmeric
powder. A clear dose-dependent increase in mortality was observed for curcuminoids,
reaching 100% at the highest concentration tested (10 mg/mL). In contrast, turmeric powder
showed no acaricidal activity at any concentration, with 0% mortality consistently observed.
Each point represents the mean of three replicates (n = 3). These results demonstrate the
acaricidal effect of curcuminoid extract and suggest its potential application as a natural
agent for controlling dust mites in indoor environments. The experimental observations,
recorded with a microscope-equipped camera system, revealed a progressive decline in
mite activity over time, culminating in mortality within 24 h. The behavioral analysis
indicated a gradual reduction in their movement.

Figure 4. Comparative dose–response curves of curcuminoid extract and turmeric powder against
house dust mites after 24 h exposure.

3.3. In Vitro Effects on Immune and Skin Cells
3.3.1. Effect of Curcuminoids on Cell Viability

Curcuminoids demonstrated a concentration-dependent cytotoxic effect in both Ha-
CaT keratinocytes and RAW264.7 macrophages after 24 h of exposure, with clear thresholds
for non-toxic concentrations identified in each cell type. In HaCaT cells, higher concen-
trations (≥0.1 µg/µL) significantly reduced viability, with values of 23.30 ± 1.44% at
0.4 µg/µL and 27.71 ± 2.49% at 0.2 µg/µL (NT-I, 100.0 ± 0.00%; p < 0.0001). (Figure 5A).
Cell viability gradually improved with decreasing concentrations, reaching 90.85 ± 3.23%
at 0.001 µg/µL, which was statistically indistinguishable from the control (p = 0.0605).
Thus, 0.001 µg/µL was established as the highest non-cytotoxic concentration suitable for
further skin-related assays, such as wound healing or anti-inflammatory studies. Simi-
larly, RAW264.7 macrophages exhibited significant cytotoxicity at higher concentrations
(0.4–0.013 µg/µL), with viability ranging between 47.06 and 54.75% (p < 0.0001) (Figure 5A).
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A shift toward non-toxic effects began at 0.003 µg/µL (83.43 ± 7.35%; p > 0.05), and vi-
ability was fully restored at 0.001 µg/µL (94.63 ± 3.50%) and lower. Therefore, 0.001
µg/µL was identified as the highest safe concentration for RAW264.7 cells, balancing
immunomodulatory potential with minimal cytotoxicity.
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Figure 5. Biological effects of curcuminoid extracts (0.4–0.001 µg/µL) on HaCaT cells.
(A) Cell viability of HaCaT cells treated with curcuminoid extracts. (B) Proliferation of RAW264.7
cells treated with 0.001 µg/µL curcuminoid extract at 24 h, 48 h, and 72 h (alamarBlue assay).
(C) In vitro wound healing assay of HaCaT cells at 24 h: Curcuminoid-treated (0.001 µg/µL), un-
treated (NT), and (D) propidium iodide (PI) staining of HaCaT cells after 24 h curcuminoid exposure
at different concentrations to evaluate cytotoxicity (D-A: 0.4 µg/µL, D-B: 0.2 µg/µL, D-C: 0.1 µg/µL,
D-D: 0.05 µg/µL, D-E: 0.03 µg/µL, D-F: 0.01 µg/µL, D-G: 0.006 µg/µL, D-H: 0.003 µg/µL, D-I:
0.001 µg/µL, D-J: NT—No treatment, D-K: PC—Positive control (70% ethanol to kill cells)). (E) Micro-
scopic observation (20X objective) of HaCaT cell morphology and proliferation at 24 h post-treatment.
NT refers to no treatment (1% DMSO or Milli-Q water in culture media, as appropriate). A 70%
ethanol solution was used as a positive control (PC) for cell death. Values are expressed as mean ± SE.
Statistical significance was determined using one-way ANOVA followed by Dunnett’s multiple
comparison test: **** p < 0.0001, ** p < 0.01, * p < 0.05. Asterisks indicate significant differences, and
“ns” indicates no significant difference from the respective control group.

These findings underscore the cell-type-specific sensitivity of curcuminoids and high-
light the importance of precise dose selection for targeted biological effects. While higher
concentrations may be reserved for cytotoxic or antiproliferative applications (anticancer
strategies, etc.), sub-cytotoxic doses (≤0.001–0.003 µg/µL) show promise for therapeutic or
cosmetic purposes where cell viability must be preserved. In particular, these lower concen-
trations could be harnessed in formulations designed to enhance macrophage function, such
as phagocytic clearance of environmental allergens, including dust mite antigens, which are
implicated in asthma and atopic dermatitis. Topical or aerosolizable products containing
curcuminoids at these safe doses may offer novel anti-inflammatory or immune-supportive
benefits in household, dermatological, or respiratory applications [24,25].

3.3.2. Impact on HaCaT Cell Proliferation and Migration

Treatment of HaCaT keratinocytes with curcuminoids at a concentration of 0.001 µg/µL
resulted in a time-dependent reduction in cell proliferation over a 72 h period (Figure 5B), as
assessed using the alamarBlue assay. At 24 h, a slight, non-significant decrease in prolifer-
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ation was observed (85.66 ± 2.82%) compared to the untreated control (NT; 100.0 ± 0.00%,
p = 0.1473). By 48 h, proliferation declined further to 79.27 ± 8.09%, which was statistically
significant (p = 0.0206). A marked and highly significant inhibition was observed at 72 h,
with cell proliferation reduced to 46.19 ± 5.00% (p < 0.0001). Despite the decreased prolif-
eration, there was no evidence of cytotoxicity at this concentration, suggesting a cytostatic
rather than cytotoxic effect. These findings indicate that curcuminoids at 0.001 µg/µL are
non-toxic to HaCaT cells but can modulate keratinocyte proliferation over time. Such a profile
supports their potential application in dermatological and cosmetic formulations targeting
hyperproliferative skin conditions or age-associated epidermal changes.

The ability to gently suppress keratinocyte proliferation without inducing cell death
may also be advantageous in anti-ageing products, where modulation of epidermal
turnover and support of barrier function are desired [24]. In addition, the results sug-
gested that curcuminoids at 0.001 µg/µL exert a modest inhibitory effect on HaCaT cell
migration (Figure 5C), potentially through cytostatic mechanisms. Such activity may be
advantageous in contexts where controlled keratinocyte migration is desirable, such as in
hyperproliferative or inflammatory skin conditions [26,27].

3.3.3. Cell Death Analysis by Means of Microscopic Observation and Propidium Iodide
(PI) Staining

Cells treated with higher concentrations of curcuminoids, specifically 0.4 µg/µL,
0.2 µg/µL, and 0.1 µg/µL (Figure 5D-(A–C)), exhibited increased PI-positive staining, in-
dicative of compromised membrane integrity and elevated cytotoxicity. Morphological
signs of cell death, including cell shrinkage and membrane disruption, were visibly pro-
nounced at these doses. In contrast, lower concentrations, such as 0.03 µg/µL, 0.01 µg/µL,
0.006 µg/µL, 0.003 µg/µL, and particularly 0.001 µg/µL (Figure 5D-(E–I), showed min-
imal PI uptake, with cell morphology remaining largely intact and comparable to the
no-treatment control (NT) (Figure 5D-(J). These findings suggest that curcuminoids exert
a dose-dependent cytotoxic effect on HaCaT cells, with concentrations of ≥0.1 µg/µL
demonstrating clear toxicity. Therefore, the lowest tested concentration of 0.001 µg/µL
appears non-toxic (Figure 5E) and is deemed suitable for further studies.

3.3.4. Anti-Inflammatory Effects of Curcuminoids
Effects on Phagocytic Activity

Phagocytic activity of RAW264.7 macrophage cells following 24 h of treatment with cur-
cuminoid extracts was evaluated across a wide concentration range (0.4 to 0.000001 µg/µL).
The results demonstrated a concentration-dependent effect on phagocytic function. Specif-
ically, treatments with 0.001 µg/µL (61.42 ± 5.48%), 0.0004 µg/µL (45.31 ± 0.13%), and
0.0002 µg/µL (69.31 ± 0.98%) showed a statistically significant reduction or no substantial
change in phagocytosis compared to the untreated control (NT-I: 100.0 ± 0.00%) (Figure 5B),
as confirmed by Dunnett’s multiple comparisons test (p < 0.01 to p < 0.0001).

In contrast, higher concentrations such as 0.4 µg/µL (8.39 ± 2.00%), 0.2 µg/µL
(9.75 ± 2.07%), and 0.1 µg/µL (10.14 ± 3.12%) significantly suppressed phagocytic ac-
tivity (p < 0.0001), indicating potential cytotoxic or immunosuppressive effects at these
levels. The optimal curcuminoid concentration range of 0.0002–0.001 µg/µL effectively
enhances innate immune function without cytotoxicity, suggesting strong therapeutic po-
tential. This immunomodulatory window could particularly benefit conditions involving
macrophage dysfunction, such as dust mite allergies, where impaired phagocytosis con-
tributes to chronic inflammation [2]. The combination of immune-enhancing effects and
excellent safety profile at these concentrations supports potential applications in both envi-
ronmental allergen mitigation and dermatological formulations for sensitive populations.

https://doi.org/10.3390/appliedchem6030050

https://doi.org/10.3390/appliedchem6030050


AppliedChem 2026, 6, 50 14 of 21

These findings position curcuminoids as promising natural agents for immune-related
disorders requiring both efficacy and tissue compatibility.

Inhibition of Nitric Oxide Production

Nitric oxide (NO) production was assessed in LPS-stimulated RAW264.7 macrophages
to evaluate the anti-inflammatory potential of curcuminoid extracts at varying concen-
trations: Cur-1 (0.01 µg/µL), Cur-2 (0.001 µg/µL), and Cur-3 (0.0001 µg/µL) (Figure 5C).
Among the tested groups, Cur-2 showed the most significant suppression of NO levels
(2.50 ± 0.38 µM), with an adjusted p-value < 0.0001 compared to the LPS-treated control
(20.01 ± 0.56 µM), indicating strong anti-inflammatory activity at this low concentra-
tion. Cur-1 (25.61 ± 1.67 µM) exhibited a moderate yet statistically significant reduction
in NO production (p = 0.0012), while Cur-3 (20.38 ± 0.38 µM) showed no significant
difference compared to the LPS group, suggesting reduced efficacy at the lowest concentra-
tion. These findings indicate a dose-dependent inhibitory effect of curcuminoids on NO
production, with 0.001 µg/µL (Cur-2) identified as the most effective non-cytotoxic and
anti-inflammatory concentration. Given the well-established role of NO in the pathogenesis
of inflammatory conditions such as asthma and allergic responses, curcuminoids at this
concentration could be explored as potential bioactive agents for respiratory health [28].
Specifically, they may offer benefits in controlling inflammation caused by asthma-inducing
allergens, such as house dust mites, by mitigating macrophage-driven NO release. Further-
more, due to their low cytotoxicity and anti-inflammatory effects (in vivo), curcuminoid
formulations at optimized doses may also hold promise in cosmeceutical applications, par-
ticularly in products designed to address skin inflammation, oxidative stress, and sensitive
skin conditions [29,30].

3.3.5. Modulation of Gene Expression by Curcuminoids

The results demonstrate that the tested compounds exert immunomodulatory effects
without compromising cell viability. As shown in Figure 6A, cell viability remained
above 80% across all tested concentrations, with most treatments maintaining or even
slightly enhancing viability compared to the untreated control, whereas the negative
control showed a marked reduction in viability. Phagocytic activity (Figure 6B) increased in
a dose-dependent manner, with several concentrations surpassing the baseline of untreated
cells, indicating stimulation of macrophage functional activity. However, nitric oxide (NO)
production (Figure 6C) was significantly lower in cells treated with curcuminoid extract
0.001 µg/µL than in the LPS control group (p < 0.0001). In contrast, curcuminoid extract
0.01 µg/µL treatment of RAW264.7 cells suggested an induction of pro-inflammatory
signaling. The results for curcuminoid extract 0.001 µg/µL were further supported by the
decreased expression of TNF-α, indicating that this compound exhibits anti-inflammatory
properties. TGF-β expression showed no significant change across the tested concentrations
in RAW264.7 cells (Figure 6E). Microscopic examination of cell morphology (Figure 6D)
further supported these findings, showing healthy, adherent, and well-spread cells under
treatment, whereas the untreated and negatively impacted groups displayed reduced
cell density and altered morphology. Collectively, these results suggest that the tested
compounds (curcuminoids, etc.) help maintain macrophage functions such as modulating
inflammatory mediators, reducing NO and TNF-α levels, and exhibiting overall anti-
inflammatory potential.
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Figure 6. Effects of curcuminoid extracts (0.4–0.0000001 µg/µL) on RAW264.7 murine macrophage
cells. (A) Cell viability assessed after treatment with curcuminoid extracts. (B) Phagocytosis activ-
ity of RAW264.7 cells treated with the same concentration range. NT-I: no treatment (1% DMSO
in culture media); NT-II: no treatment (Milli-Q water); PC: 70% ethanol (positive control, where
applicable); Mito–Mitomycin-C (0.004 µg/µL) is used as a negative control (NC). (C) Nitric oxide
(NO) production in LPS-stimulated RAW264.7 cells treated with curcuminoid extracts at different
concentrations: Cur-1 (0.01 µg/µL), Cur-2 (0.001 µg/µL), and Cur-3 (0.0001 µg/µL). LPS (100 ng/mL)
was used for stimulation, and Milli-Q water was used as the untreated control. Data are expressed
as mean ± SE. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s
multiple comparison test. **** p < 0.0001, ** p < 0.01. Asterisks indicate significant differences;
(ns) indicates no significant difference from the respective control. (D) Microscopic observation
(20X objective) of RAW264.7 cell morphology and proliferation at 24 h: a—0.4 µg/µL, b—NT-I (1%
DMSO in media), c—NT-II (Milli-Q water in complete media), d—0.001 µg/µL, e—0.00001 µg/µL,
f—0.0000001 µg/µL. (E) Relative gene expression of TNF-α and TGF-β in RAW264.7 cells treated
with curcuminoid extract (0.001 µg/µL) for 24 h. Gene expression was normalized to β-actin and
expressed relative to the untreated control (NT). Data are expressed as mean ± SE. Statistical analysis
was performed using an unpaired two-tailed t-test. * p < 0.05 indicates significant difference from
untreated control; (ns) indicates no significant difference.

4. Discussion
This study provides the first integrated evaluation of the dual functionality of cur-

cuminoids extracted from rhizomes of Curcuma longa, combining acaricidal efficacy against
house dust mites (HDMs) with anti-inflammatory effects in immune and epithelial cells.
By addressing both the environmental source of allergens and the host inflammatory
response, our findings highlight curcuminoids as promising candidates for eco-friendly
allergy management strategies.

The curcuminoid extract demonstrated acaricidal activity, achieving 100% mortality
of HDMs at 10 mg/mL, whereas turmeric powder exhibited no activity at equivalent
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concentrations. This suggests that purified curcuminoids, rather than crude turmeric, are
primarily responsible for the acaricidal effects. Similar bioactivity has been documented
in other arthropods, where curcumin exerted insecticidal actions against Aedes aegypti
mosquitoes [11], agricultural pests such as Spodoptera litura34, and stored grain pests [12].
Exposure to curcuminoid extracts resulted in 100% mortality of house dust mites at a mini-
mum effective concentration of 8 mg/mL, as determined through a concentration series.

When interpreting the acaricidal efficacy of the curcuminoid extract observed in this
study in the context of previously reported natural and synthetic acaricides, several plant-
derived essential oils, including clove, eucalyptus, and rosemary oil, have demonstrated
high acaricidal activity against Dermatophagoides spp., often achieving complete mortality
at considerably lower doses than that required for the curcuminoid extract in the present
study [31]. Similarly, cinnamaldehyde, a major monoterpenoid constituent of cinnamon
oil, has exhibited acaricidal potency exceeding that of the synthetic acaricide benzyl ben-
zoate [32]. In contrast, ethanolic neem (Azadirachta indica) extract has shown comparatively
modest acaricidal activity, requiring high concentrations (up to 50%) and extended exposure
times of 24–96 h to achieve substantial mortality [33], an activity more comparable to that
observed for the curcuminoid extract in the present study. Direct comparison across these
studies is complicated by differences in bioassay format, solvent system, and concentration
units (e.g., µg/cm2 vs. mg/mL); nonetheless, these findings suggest that the curcuminoid
extract exhibits acaricidal activity within the range reported for other moderately active
plant-derived compounds, rather than the high potency observed for certain essential oils.
This positions curcuminoids as a promising candidate for further optimization, for example,
through encapsulation or formulation strategies to enhance bioavailability and acaricidal
efficacy, rather than as a direct replacement for highly potent synthetic or essential oil-based
acaricides at their current concentrations.

Microscopic observations before and after treatment confirmed the absence of repellent
effects, indicating that the mites did not avoid the treated areas. This suggests that the
curcuminoids exert their acaricidal effects through direct toxicity rather than deterrence.
At lower concentrations, no mortality was observed, which may be attributed to the mites’
inherent tolerance mechanisms. House dust mites normally survive for several weeks to
months under optimal conditions, and no mortality was observed in untreated or vehi-
cle control groups during the 24 h assay period. Therefore, the rapid mortality observed
following curcuminoid exposure reflects a true toxic effect rather than age-related or sponta-
neous death. Similar to other arthropods, house dust mites possess adaptive strategies that
enable them to survive under harsh environmental conditions. These include the ability to
regulate water balance through specialized organs, such as the supracoxal glands, which
concentrate electrolytes to absorb water vapor from the environment [34]. Additionally,
insects have evolved various mechanisms to resist desiccation and thermal stress, includ-
ing the production of heat-shock proteins and antifreeze proteins, which help maintain
cellular integrity under extreme conditions [35]. However, when the concentration of the
exposed chemical exceeds its maximum tolerance limit, rapid mortality could occur [36].
This phenomenon emphasizes the importance of determining the optimal concentration
that balances efficacy and safety. According to published information on curcuminoid ef-
fects against Tetranychus cinnabarinus suggests that curcumin disrupts calcium homeostasis
and detoxification pathways, leading to neuronal dysfunction and mortality [37]. These
mechanisms may underlie the acaricidal effect observed here, though further mechanistic
validation in HDMs is required. Importantly, acaricidal activity from natural sources, such
as curcuminoids, offers a safer alternative to synthetic acaricides, which face limitations due
to resistance and toxicity [12,38–40]. Therefore, further studies are warranted to elucidate
the precise mechanisms underlying the acaricidal action of curcuminoids in the present
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study and to evaluate their potential as eco-friendly alternatives to synthetic acaricides.
Additionally, the acaricidal bioassay employed a single 24 h exposure endpoint. While mite
behavior was continuously monitored over this period and a progressive, time-dependent
decline in movement was observed culminating in full mortality at 10 mg/mL, formal time-
gradient mortality quantification at multiple timepoints (e.g., 6 h, 12 h, 24 h, 48 h) was not
performed. Such data would better characterize the onset and persistence of toxic effects
and should be incorporated in future studies. Furthermore, a standard synthetic acaricide
was not included as a positive control in the contact bioassay, and the anti-inflammatory as-
says were not compared against a reference agent such as dexamethasone or indomethacin.
These omissions limit direct comparability with published studies and should be addressed
in future work.

While the considerable acaricidal activity of curcuminoids was clearly demonstrated
through controlled in vitro assays, we acknowledge that these results represent an initial
proof-of-concept; consequently, household-level trials are essential to validate efficacy
under real-world conditions—such as variable humidity and substrate complexity—while
the development of advanced delivery systems, including nanoparticles or polymeric films,
will be necessary to ensure long-term residual activity.

At non-toxic concentrations (≤0.001 µg/µL), curcuminoid extracts preserved the via-
bility of HaCaT keratinocytes without significantly altering cell proliferation. In this study,
treatment at 0.001 µg/µL resulted in reduced HaCaT cell migration, suggesting a cytostatic
effect. This effect may be beneficial in hyperproliferative skin disorders (e.g., psoriasis and
atopic dermatitis) but is not directly applicable to acute wound healing. However, previous
studies have demonstrated that curcumin promotes re-epithelialization, reduces epidermal
hyperplasia, and improves wound healing in inflammatory skin models [41,42].

In RAW264.7 macrophages, curcuminoids at 0.001 µg/µL did not enhance phagocyto-
sis above untreated control levels (NT = 100%). Instead, phagocytic activity was reduced
to 61–69% of NT levels, indicating that curcuminoids are less detrimental to macrophage
phagocytic function than a known cytotoxic agent at the concentrations tested. Excessive
NO release contributes to airway and skin inflammation in asthma and atopic dermatitis,
whereas impaired phagocytosis reduces allergen clearance [2,43]. Our findings indicate that
curcuminoids restore a balanced macrophage phenotype by supporting innate clearance
functions while limiting pro-inflammatory mediator release. This dual activity aligns with
previous studies showing that curcumin downregulates NF-κB signaling, inducible nitric
oxide synthase (iNOS), and cytokine production (TNF-α, IL-1β), while promoting M2-like
anti-inflammatory macrophage polarization [5].

Endotoxin contamination in the curcuminoid extract was not assessed; however, the
sub-cytotoxic concentrations used (≤0.001 µg/µL) and the absence of unstimulated NO
production suggest minimal endotoxin activity. Future studies should include endotoxin
testing (e.g., LAL assay) for rigor. Several limitations of this study should be noted. The
acaricidal bioassay did not include a standard synthetic acaricide as a positive control, and
the anti-inflammatory assays were not compared against a reference agent such as dex-
amethasone or indomethacin. These omissions limit direct comparability with published
studies and should be addressed in future work. By reducing mite burden and modulat-
ing downstream inflammatory responses, curcuminoids offer a dual-action strategy for
mitigating allergic diseases, including asthma and atopic dermatitis. This is particularly
relevant given that allergen exposure and immune dysregulation are tightly interlinked in
allergic pathophysiology. Our results suggest potential applications in household sprays,
textiles, or topical formulations designed to both lower HDM allergen levels and alleviate
epithelial or macrophage-driven inflammation.
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While the acaricidal activity was evident in vitro, household-level trials are needed to
confirm efficacy under real environmental conditions. Similarly, the immunomodulatory
effects observed in HaCaT and RAW264.7 cells should be validated in animal models of
airway or skin allergy to confirm relevance in vivo. Another challenge is curcumin’s low
solubility and bioavailability; advanced delivery systems such as nanoparticles, micelles,
or polymeric films have been shown to enhance curcumin stability and should be explored
for optimized acaricidal and anti-inflammatory activity [44]. Simple formulation-based
strategies, such as co-solvent systems (e.g., ethanol–glycerol or polyethylene glycol-based
vehicles) or cyclodextrin-based inclusion complexes, may also offer practical, low-cost
approaches to improving curcuminoid solubility for household applications. While the
present study confirms the presence of curcumin, demethoxycurcumin, and bisdemethoxy-
curcumin in the extract, the quantification of each individual compound was not performed.
Future studies should include quantitative analysis of individual curcuminoids to establish
structure–activity relationships and identify the specific compound(s) responsible for the
observed acaricidal and anti-inflammatory activities. This will be essential for optimizing
formulations and understanding the potential synergistic effects among curcuminoid con-
stituents. Furthermore, accelerated stability testing assessing curcuminoid degradation
under varying conditions of pH, temperature, and light exposure over time would help
establish shelf-life and storage parameters relevant to real-world formulation development.
Additionally, synergistic formulations with other natural acaricides (e.g., essential oils
or piperine) may further improve efficacy. However, building on the in vitro findings of
this study, future work should include simulated household environment trials to assess
acaricidal efficacy under realistic conditions (e.g., variable humidity, surface types, and
mite population density), as well as small-scale animal models of HDM-induced allergic
airway or skin inflammation to validate the immunomodulatory effects observed in HaCaT
and RAW264.7 cells. This establishment can be taken as a proof-of-concept for the dual
acaricidal and anti-inflammatory bioactivity of curcuminoid extract, prior to undertaking
resource- and time-intensive in vivo and field-based studies.

Our findings demonstrate that curcuminoid extracts exert measurable acaricidal effects
against HDMs at higher concentrations, while at sub-cytotoxic levels, they modulate
immune and skin cell functions relevant to inflammation and tissue repair.

5. Conclusions
In summary, our findings highlight Curcuma longa curcuminoid extracts as dual-

action agents capable of reducing dust mite survival while modulating immune and
skin cell responses relevant to inflammation. This dual bioactivity underscores their
potential for development into natural household and therapeutic products aimed at
allergen reduction and inflammation management. By bridging environmental control and
cellular immunomodulation, curcuminoids represent a promising, eco-friendly approach
to addressing the rising burden of allergic diseases.
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