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Abstract: Background: Nail gels are decorative fingernail coatings based on (meth)acrylates
that are photopolymerized on the nail surface. After polymerization, these coatings typ-
ically retain an uncured layer of monomers at the air interface due to oxygen inhibition,
which may pose a risk of skin sensitization unless removed. No-wipe topcoats are formu-
lated to address this issue by curing fully; however, no standard test method exists to verify
a complete cure. This study presents a method to quantify residual uncured traces of sev-
eral common nail gel monomers extracted from polymerized commercial no-wipe nail gels.
Method: Commercially available no-wipe nail gels were formed into films of controlled
thickness and polymerized using a standard UV-curing nail lamp. Solvent extraction was
employed to eliminate residual uncured monomers, namely diethylene glycol dimethacry-
late (DEGDMA), isobornyl acrylate (IBOA), and 2-hydroxyethyl methacrylate (HEMA).
These monomers were quantified utilizing GC-FID and HPLC techniques. Method valida-
tion was conducted with samples of known monomer identity and concentration, thereby
establishing specificity, linearity, precision, and detection limits. Results: Validated test
protocols were established for the analysis of residual uncured traces of three commonly
used monomers in nail gel coatings. In all instances, levels of monomer residue in a cured
gel coating were found to range from 56 µg/g to 800 µg/g. Tests conducted on commercial
products indicated that levels of these monomers fell within the expected normal ranges
for such products. Conclusions: Through the utilization of two chromatographic tech-
niques, three analytical methods were established for the simultaneous determination of
ingredient concentrations and residual monomer quantities in unreacted bulk formula and
cured UV-gel film. These methods and the resultant data facilitate the evaluation of curing
completeness, which is essential for product development and safety assessments.

Keywords: diethylene glycol dimethacrylate; isobornyl acrylate; 2-hydroxyethyl methacrylate;
gel nail polish; gas chromatography with flame ionization detection; high-performance
liquid chromatography; residual

1. Introduction
UV-curable fingernail coatings, commonly referred to as “gel nail polish”, are used

for color and sculpting purposes. These products consist of various (meth)acrylate com-
pounds that are photopolymerized into nail-coating films after 2 min of UV nail lamp
exposure. It is assumed that the large, polymerized molecules cannot be penetrated, and
any remaining residue becomes trapped within the hardened polymer matrix, resulting
in minimal potential for systemic exposure. The nail salon industry considers gel nail
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polishes beneficial due to their low odor compared to traditional solvent-based nail lac-
quers and liquid-powder sculpting systems. However, improper use of gel nail polish
products may present a risk for the development of allergic contact dermatitis (ACD) in
both consumers and professionals [1–7], primarily caused by repeated skin contact with
uncured (meth)acrylate monomers [8–10]. During the curing process, oxygen inhibits
free radical acrylic polymerization at the air–product interface, leaving an uncured layer
on the surface known as the “tacky layer”, which must be removed by professional nail
technicians using isopropanol. Failure to do so can compromise the aesthetic appearance
of the nail coating and potentially expose clients to uncured reactive materials, thereby
increasing the risk of acquiring ACD.

To address this limitation, the cosmetic industry has dedicated significant efforts
to develop “tack-free” or no-wipe UV curable nail topcoats. These no-wipe topcoats
are designed to ensure complete curing of reactive monomers, thereby eliminating the
need for a post-cure cleansing step to remove any layer of incompletely cured monomers.
Consequently, analytical verification of the absence of uncured monomers at levels that
could pose a potential health risk is a necessary product safety measure. This confirmation
allows the elimination of the wiping step from user instructions and the proper education
of technicians on the application of no-wipe topcoat products [11–23].

While quantitative methods have been developed for studying the penetration of
topical onychomycosis treatments, studies focusing on the penetration of nail care ingre-
dients are few and far between. Chromatography is an optimal method for identifying
and quantifying residual monomers released from resin materials. Techniques such as gas
chromatography with flame ionization detection (GC-FID) and high-performance liquid
chromatography (HPLC) have been employed to monitor the release of monomeric sub-
stances from resins [24–29]. To date, there has not been an analytical method developed
specifically for monitoring residual, unpolymerized (meth)acrylates in no-wipe topcoat gels.
This study introduces three methods to investigate the residual uncured materials of diethy-
lene glycol dimethacrylate (DEGDMA), isobornyl-2-acrylate (IBOA), and 2-hydroxyethyl
methacrylate (HEMA), all of which are potential sensitizers found in no-wipe topcoat
gels. The research presented herein determined the levels of DEGDMA and IBOA using
GC-FID, along with HPLC analysis of the HEMA found in commercially available gel
products. It is anticipated that the findings of this study will contribute to product safety
evaluations aimed at assessing the risks of not removing the uncured layer of the product
after application. The structure of these compounds can be found in Figure 1.
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2. Materials and Methods
2.1. Materials

Di (ethylene glycol) dimethacrylate 95% CAS 2358-84-1, isobornyl acrylate 91.3% CAS
5888-33-5, and 2-hydroxyethyl methacrylate ≥ 99% CAS 868-77-9 were purchased from
Millipore Sigma (Milwaukee, WI, USA). Artificial perspiration, ISO 3160-stabilized [30].
Acetonitrile (MeCN), ethyl alcohol, and methanol of HPLC grade were purchased from
VWR (Secaucus, NJ, USA). Casting film entailed the use of a bar film applicator, a Model
BYK stainless steel 3 mil wet film drawdown single bar 6 No. 5566, a clear four mil
polyester substrate from BYK with 5.00 × 7.63 in dimensions. Finally, no-wipe nail topcoats
of various brands were purchased at ordinary commercial outlets.

2.2. Instrumentation

A Perkin Elmer Clarus 580 GC (Shelton, CT, USA) equipped with a flame-ionization
detector and an automated liquid sampler. The columns used were from Restek (Bellefonte,
PA, USA): a Stabilwax 30 m, i.d. 0.25 mm, 0.25 µm coating thickness and an Elite 5MS 30 m,
i.d. 0.25 mm, 0.25 µm coating thickness;

A Perkin Elmer Altus HPLC equipped with a UV-DAD detection system. The column
used was an ACE Super-C18, 3.0 µm, 4.6 × 100 mm2 from Avantor VWR (Visalia, CA, USA);

An OPI “Starlight” UV-LED nail-curing lamp (Wella, Calabasas, CA, USA), with dual
peak outputs at 365 nm and 405 nm wavelengths;

A BYK automatic film applicator: model Byko-drive auto applicator BYK No. 2121
(Geretsried, Germany);

A vacuum pump: model BYK No.3879. (Geretsried, Germany)

2.3. Standard Preparation

Stock solutions of DEGDMA, IBOA, and HEMA at 1000 µg/mL were prepared by
weighing 0.015 g of each material into 15 mL of their respective solvents as provided
in Table 1. Each was placed in a 15 mL polyethylene tube with a screw cap. Working
standard solutions of DEGDMA ranged from 2.2 µg/mL to 217 µg/mL and were prepared
by diluting the stock solution with acetonitrile. Working standard solutions of IBOA
ranged from 1.2 µg/mL to 250 µg/mL and were prepared by diluting the stock solution
with ethanol. Finally, working standard solutions of HEMA ranged from 1.2 µg/mL to
250 µg/mL and were prepared by diluting the stock solution with methanol. All standards
were filtered using 0.45 µ PVDF membrane filters.

Table 1. Stability of analytes.

Monomer Solvent Concentration (µg/mL) Time % Loss

DEGDMA Acetonitrile 3.3 1 h 2.4
IBOA Ethanol 1.3 24 h 2.4

HEMA Methanol 1.4 24 h 0.9

2.4. HPLC and GC-FID Sample Preparation

To quantify the analytes in commercially available cosmetic products, samples were
prepared using a 15 mL polyethylene tube with a screw cap. Precisely 0.05 g of the bulk
product was weighed and 10 mL of the appropriate solvent was added. The mixture was
vortexed for 1 min and then placed in an ultrasonic bath for 20 min. Following sonication,
the tubes were vortexed again and subsequently filtered using a PVDF membrane filter.
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2.5. High Performance Liquid Chromatography Operating Procedure

The chromatograph utilized was a Perkin Elmer Altus HPLC equipped with a UV-
DAD detector and Empower software for data analysis. The analytical column employed
was an ACE Super-C18, 3.0 µm, 4.6 × 100 mm2. The mobile phase consisted of 0.1%
phosphoric acid in water and acetonitrile, pumped at a flow rate of 0.8 mL/min as per
the gradient outlined in Table 2. Detection of HEMA was facilitated through maximum
UV absorption at a wavelength of 210 nm. Additional acquisition parameters are detailed
in Table 2. Accurate retention times and calibration curves were derived from standard
injections, and the signal from cosmetic samples was validated by matching the retention
time of the analyte.

Table 2. HEMA gradient.

Column ACE Super-C18, 3.0 µm, 4.6 × 100 mm2, Cat#: 10829-210 (Avantor, VWR)) OR Equivalent
Mobile phase A: 0.1% Phosphoric Acid + Water B: Acetonitrile

Gradient

Time (min) B/A
0 25/75
4 25/75
5 99/1
7 99/1
8 25/75

Flow rate (mL/min) 0.8
Detector UV/Vis
Wavelength (nm) 210
Scan 250–400
Injection vol. (µL) 5.0
Run Time: (min) 15
Column Temp. (◦C) 25

2.6. Film Generation

No-wipe topcoat films were prepared using a BYK 3 mil wet drawdown bar and
an automatic film applicator operating at a speed of 1 in/sec (25.4 mm/s) on polyester
film. Prior to the drawdown process, the polyester film was outlined to match the finger
guide on the OPI Starlight lamp hand piece (Figure 2). The 3 mil wet thickness of the film
replicated the thickness of a brush application on fingernails. The product-coated film was
then placed on a cardboard stand to simulate the average height of a hand at 0.5 inches.
Each coated film was irradiated at 365 nm at 11 mw/cm2 and 405 nm at 13 mw/cm2 using
the OPI Starlight lamp for the exposure time recommended in the instructions of each
commercially available product, ranging from 30 to 60 s. Following the curing process, the
drawdown substrate was cut to match the size of the outlined finger area.
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2.7. Extraction Method

The worst-case scenario test, designed to obtain the maximum amount of extracted
monomer, is typically conducted with pure organic solvents such as acetonitrile, iso-
propanol, or hexane, depending on the solubility of the analyte. The optimal selection of
solvents should emulate the effects of skin secretions, as this will dictate the extractability
of the analytes under consumer-relevant conditions. Consequently, the simulation test
is often performed with saline or aqueous solutions that contain a low concentration of
organic solvents. This general methodology is most advantageous for the comprehensive
risk assessment required for regulatory approval. However, for targeted analysis, it is
imperative that the compound remains stable in the extraction medium within a specified
timeframe. Solvent entry into the polymer network causes the polymer structure to expand,
thereby facilitating the extraction of unreacted monomers. To examine the stability of these
compounds, analytes were dissolved in their respective organic solvents and subsequently
analyzed at two time points: initially and after 1 h or 24 h, as detailed in Table 1.

The stability investigation revealed that DEGDMA at a concentration ten times higher
(31 µg/mL) than indicated in Table 1, and experienced a 30% degradation within 24 h.
Consequently, conducting the extraction with a strong organic solvent such as acetonitrile
required only a 1 h extraction period, as the amount of unreacted DEGDMA would be
significantly lower. Settings for the GC-FID instrument used to monitor DEGDMA and
IBOA are summarized in Tables 3 and 4. The HPLC method utilized an Ace Excel 2 Super
C18 100× 4.6 analytical column maintained at 25 ◦C. Each sample, five microliters in
volume, was injected, and the analyte was detected at 210 nm using the gradient method
outlined in Table 4.

The surface areas of the film corresponding to the typical positions of the thumb,
middle, and index fingers within the UV nail lamp were excised, weighed, and subsequently
placed into a 2 mL flat-bottom centrifuge tube for the addition of 1 mL of solvent. The tube
was then vortexed at 3000 rpm for 30 s both prior to and following incubation under the
specified conditions outlined in Table 1 before sampling. Following extraction, the eluate
was transferred into GC vials for analysis. To determine the film’s weight, exclusive of the
polyethylene substrate, the sample was removed from the tube and placed on an aluminum
weigh boat for drying. Upon drying, the film was separated from the substrate, and the
weight of the film was recorded as the sample weight.

Table 3. DEGDMA experimental setting for gas chromatography with flame ionization detector
measurements.

GC Injection volume 1 µL
GC-column Stabilwax 30 m, i.d. 0.25 mm, 0.25 µm coating thickness
Purge gas/flow Helium, 1.59 mL/min
Temperature program Rate (◦C/min) Temperature (◦C) Time (min)

80 0.5
25 210 6

Injector temp. 270 ◦C
Split 1/10

FID Base temperature 310 ◦C
Air flow 450 mL/min
Hydrogen flow 45 mL/min
Make-up gas flow 45 mL/min

Abbreviations: FID, flame-ionization detector. GC, gas chromatography.
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Table 4. IBOA experimental setting for gas chromatography with flame ionization detector
measurements.

GC Injection volume 1 µL
GC-column Elite 5MS 30 m, i.d. 0.25 mm, 0.25 µm coating thickness
Purge gas/flow Helium, 1.59 mL/min
Temperature program Rate (◦C/min) Temperature (◦C) Time (min)

40 0.5
25 310 2

Injector temperature 250 ◦C
Split 1/40

FID Base temperature 310 ◦C
Air flow 450 mL/min
Hydrogen flow 45 mL/min
Make-up gas flow 45 mL/min

3. Results and Discussion
Validation for HPLC and GC-FID
The proposed method was validated for specificity, linearity, system precision, re-

covery, and sensitivity [31] using GC-FID for DEGDMA and IBOA, in addition to HPLC
for HEMA.

3.1. Specificity

No interfering peaks were observed at the retention times of DEGDMA, IBOA,
and HEMA when the diluent (ethanol or methanol) was introduced into the system.
The chromatograms of IBOA and DEGDMA obtained using GC-FID are presented in
Figures 3 and 4, respectively. The HPLC chromatogram of HEMA is depicted in Figure 5.
The methods employed were devoid of interference from the diluents used and demon-
strated specificity for all three monomers.
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3.2. Linearity

Linearity standards were established by serially diluting each stock solution to produce
three distinct concentration levels. The peak areas corresponding to each level were
calculated to evaluate the method’s linearity, accompanied by graphs plotting the peak area
against each respective concentration. The linear calibration equation for each monomer is
detailed in Table 5, with calibration curve plots for each analyte presented in Figures 6–8.
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Table 5. Linear calibration equation for each monomer.

Monomer r2 Equation

DEGDMA 0.999 Y = 5.12 × 101x + 1.01 × 10−2

IBOA 0.999 Y = 3.13 × 101x − 4.51 × 10−1

HEMA 1.000 Y = 2.18 × 104x − 7.03 × 103
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3.3. System Precision

System precision was assessed by measuring the variability of the system using the
peak area from five injections with a single standard, as presented in Table 6. The low
% RSD indicates that the analytical system is capable of precisely measuring each of the
components.

Table 6. System precision data for DEGDMA, IBOA, and HEMA.

(No. Replicates) DEGDMA IBOA HEMA
Peak Area (µV × s)

1 2427.7 36.8 24,064.0
2 2442.1 36.6 24,232.8
3 2416.8 37.4 24,256.2
4 2399.3 37.3 23,999.8
5 2356.2 36.8 24,270.4

Average 2408.4 37.0 24,164.6
Std Dev. 33.1 0.3 124.0

RSD 1.4 1.0 0.5

3.4. Limit of Detection and Quantification Limit

One of the ways to determine the LOD and LOQ according to the International
Committee on Harmonization (ICH) is based on the standard deviation of the response
and slope [32]. Standards for each analyte were developed using a series of concentrations,
which can be seen in Table 7. The LOD and LOQ were calculated using the equations
below based on the standard deviation of the calibration curve shown in Table 8. Limit
of detection LOD = 3.3σ/S and Limit of Quantitation LOQ = 10σ/S, where S = the slope
of the calibration curve and σ = the coefficient of residual standard deviations of the
regression line.
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Table 7. DEGDMA, IBOA, and HEMA standards used for LOD and LOQ calculations.

µg/mL
DEGDMA
Peak Area

(µVs)
µg/mL

IBOA
Peak Area

(µVs)
µg/mL

HEMA
Peak Area

(µVs)

0.6 17.0 0.7 17.6 0.7 13,673.9
1.2 32.0 1.3 32.8 1.3 22,234.5
2.0 52.2 3.1 89.0 2.0 40,971.1
3.0 80.0 5.0 148.1 3.3 70,446.3

Table 8. Limit of detection and limit of quantitation.

Monomer LOD (µg/mL) LOQ (µg/mL)

DEGDMA 0.2 0.4
IBOA 0.1 0.3

HEMA 0.5 1.5

3.5. Recovery

Spike recovery experiments were undertaken to identify potential matrix effects that
could influence the results, evaluate the method’s accuracy, and confirm its suitability
for this specific sample type. These recovery experiments were performed in triplicate
by spiking commercially available gel topcoat with DEGDMA, IBOA, and HEMA at two
levels, ranging from approximately 20 to 250 ppm, as detailed in Table 9. The recovery for
each level adhered to acceptance criteria between 97–105%. These results demonstrated
that the analytical method is accurate and free from significant matrix effects interference.

Table 9. DEGDMA, IBOA, and HEMA percent recoveries.

(No. Replicates) DEGDMA IBOA HEMA
Standards 21.4 ppm 287.8 ppm 23.3 ppm 232.6 ppm 23.0 ppm 249.7 ppm

1 100.7 96.3 101.6 99.8 101.7 99.4
2 103.1 99.3 107.3 102.5 103.1 98.7
3 98.0 97.0 111.4 99.6 104.0 99.5

Average 100.6 97.6 106.8 100.6 102.9 99.2
Std Dev. 2.6 1.6 4.9 1.6 1.2 0.4

RSD 2.6 1.6 4.6 1.6 1.1 0.4

3.6. Bulk Assays

The methodologies described were employed for the identification and quantitative
analysis of DEGDMA, IBOA, and HEMA in three commercially available UV gel products.
These products were chosen based on the presence of one of the three monomers listed on
their labels, according to the INCI (International Nomenclature for Cosmetic Ingredients).
Repeatability measurements of the products were conducted to assess the consistency of
results, as indicated in Table 10, demonstrating that the analytical methods are reliable and
produce consistent outcomes. Accordingly, as illustrated in Table 11, the final method was
utilized for the duplicate quantitation of each of the monomers found in their respective
products. The chromatograms of these products are presented in Figures 7–9. The addi-
tional peaks observed are attributed to other ingredients typically present in gel formulas,
such as monomers, inhibitors, stabilizers, and photoinitiators, among others.
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Table 10. DEGDMA, IBOA, and HEMA repeatability measurements in commercially available bulk
samples.

(No. Replicates) DEGDMA IBOA HEMA
Peak Area (µs)

1 1533.6 7775.2 2,243,596.6
2 1473.5 8693.3 2,292,909.7

Average 1503.6 8234.3 2,268,253.2
Std Dev. 42.5 649.2 34,869.7

RSD 2.8 7.9 1.5

Table 11. Quantitative determination of each monomer found in commercially available bulk samples.

Product # Monomer Amount (%) % RSD

1 DEGDMA 14.24 3.06
2 IBOA 29.0 3.08
3 HEMA 15.3 3.90
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3.7. Residual Assays

UV-gel films of three commercially available no-wipe topcoat gel products were pro-
duced, and the extraction of monomers was conducted according to the sample preparation
protocol mentioned above. The residual levels of each analyte found in the cured UV-gel
films were determined using the developed analytical methods and calculated using the
weight of the film, as summarized in Table 12. The levels of the remaining monomers in
the products after UV-curing were minimal. These results align with the chemical kinetics
of the highly reactive monomers found in UV gel nail products [33,34]. Additional peaks
exhibited in chromatograms (Figures 10–12) indicate that the materials found in these films
may lead to in situ side reactions during the extraction process, which involves the use of a
solvent and heat.
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Table 12. Residual levels of the monomers found in gel films of commercial products.

Product # Monomer Amount (µg/g)

1 DEGDMA 800
2 IBOA 56
3 HEMA 139
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4. Conclusions
Two chromatographic techniques, GC-FID and HPLC, were utilized to develop

three analytical methods for the simultaneous analysis of DEGDMA, IBOA, and HEMA
monomers in the bulk formulas of commercially available products. Their sensitivity
demonstrates that these methods are effective in determining the residual levels of the
three monomers after UV-curing of no-wipe topcoat gel products. These methods showed
no interference from the diluent used in the preparation of the products and demonstrated
specificity for the three analytes. The system precision is adequate, indicating the reliability
of the analytical system to precisely measure each component. Additionally, the repeatabil-
ity of the quantitative determination of the monomers in bulk samples is acceptable.

These methods were validated and shown to be specific and accurate for the analysis of
DEGDMA, IBOA, and HEMA found in UV gel products. The levels of analytes remaining
in the cured film were low due to the high reaction kinetics of the monomers during
the polymerization process. Furthermore, even under worst-case conditions, where the
analytes were extracted using an organic solvent with higher solubility compared to
artificial sweat, the extractable monomers content was less than 0.1%. These methods
can be utilized to assess skin exposure to individual acrylate monomers with sensitizing
properties, facilitating a thorough safety assessment of no-wipe topcoats.
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