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Determination of five photoinitiators including 2,4, 6-trimethyl-
benzoyl diphenyl phosphine oxide in gel nail polish by
high performance liquid chromatography

GONG Xu', SUN Jing", LI Xinxin'’, FENG Youlong'
(1. Jiangsu Institute for Drug Control, Nanjing 210019, China; 2. School of Pharmacy,
Nanjing University of Traditional Chinese Medicine, Nanjing 210023, China)

Abstract: Gel nail polish has surged in global popularity, becoming a dominant force in the
cosmetics market due to its compelling advantages. This rapid market expansion, however, is
shadowed by significant and growing safety concerns related to the essential chemical agents enabling
its functionality—photoinitiators (PIs). Classified as a Category 1B CMR substance ( carcinogenic,
mutagenic, or toxic to reproduction) based on robust evidence of reproductive toxicity, 2,4, 6-
trimethylbenzoyl diphenyl phosphine oxide (TPO) has been comprehensively banned within the
European Union (EU) under Regulation (EC) No 1223/2009, effective from September 1, 2025.
Compounding this challenge was the conspicuous absence of validated analytical methods. Spe-
cifically, standardized, reliable, and accessible techniques for quantifying the complex spectrum

of PIs in modern gel nail polish formulations were critically lacking. This included established PlIs
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such as the now-banned TPO and its potential substitutes, all of which were embedded within the
challenging, heterogeneous matrix of these formulations. This methodological gap severely hindered
effective quality control during manufacturing, robust post-market surveillance by regulators,
accurate consumer exposure assessment, and the essential safety evaluation of emerging replacement
PIs. Consequently, there was an immediate and pressing need to develop dedicated analytical
capabilities capable of monitoring both prohibited high-risk PIs and their prospective successors
within this specific product category. To address the critical absence of standardized analytical
methods for PIs in cosmetics, this study developed and validated a robust high performance liquid
chromatography with diode array detection (HPLC-DAD) protocol. The protocol enables the si-
multaneous quantification of five strategically selected PIs in gel nail polish formulations. These Pls
include TPO, its structural analogues ethyl (2,4, 6-trimethylbenzoyl) phenylphosphinate (TPO-L),
[ bis(4-methylphenyl) phosphinyl] (2,4, 6-trimethylphenyl) methanone (TMO), and [ phenyl(2,4,
6-trimethylbenzoyl) phosphoryl| (2,4, 6-trimethylphenyl) methanone (PB-TMBPO), as well as the
a-hydroxy ketone 1-hydroxycyclohexyl phenyl ketone (HCHPK). This target panel encompasses both
the currently dominant PIs and prime TPO replacement candidates. The optimized sample preparation
involved efficient extraction of target analytes from the complex gel nail polish matrix using ace-
tonitrile under ultrasonication, eliminating the need for derivatization. Chromatographic separation
was achieved on a Kromasil 100-5-C18 column (150 mmx4.6 mm, 5 pm) maintained at 30 C. A
binary mobile phase gradient (water/acetonitrile) was delivered at 1.0 mL/min, with an injection
volume of 5 pL. Selective detection leveraged dual wavelengths: 243 nm optimized for HCHPK and
375 nm for the four acylphosphine oxides. Quantitation employed external calibration curves. Method
validation demonstrated exceptional performance: All five PIs exhibited baseline separation from
matrix interferences. Linear calibration curves spanned 2-600 mg/L with outstanding correlation
coefficients (7=0.999 9 for each analyte). Method sensitivity was confirmed with limits of detection
(LODs) ranging from 3.6 to 45 pg/g and limits of quantitation (LOQs) from 15 to 141 pg/g. Accuracy,
assessed through spiked recovery experiments at low, medium, and high concentration levels,
yielded excellent results (91.6%—100.4% ). Precision, expressed as relative standard deviation (RSD,
n=6), was consistently high (0.3%-4.3%) , affirming method robustness and reliability for routine
analysis. Application of the validated method to 30 commercially available gel nail polish samples
revealed pervasive PI presence. Total PI content ranged from 2.95% to 9.66% (mass fraction). Each
batch contained 1 to 3 distinct PIs. None of these Pls were listed on the product labels. Critically,
TPO, which has been banned in Europe, was present in 90% of the analyzed products at significant
concentrations (1.42%-6.43%, mass fraction). HCHPK was detected in 76.7% of the samples, with
levels ranging from 0.83% to 4.84% (mass fraction). TPO-L was present in 10% of the samples (6.73%
—~7.17%, mass fraction), while TMO was detected at 0.25% (mass fraction) in a single sample. These
findings indicate the prevalent use of prohibited substances like TPO and other Pls in the current
gel nail polish market. Enhanced regulation, substitution efforts, and further safety assessments are

urgently required. This study delivers a simple, specific, rapid, and economically viable HPLC-DAD
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method specifically tailored for the challenging gel nail polish matrix. It effectively addresses the

analytical gap for monitoring key PIs, particularly during the critical transition period following the

EU TPO ban. The methodology provides robust technical support for quality control laboratories

(both industrial and regulatory ) , facilitates compliance verification with evolving safety regulations,

enables accurate risk assessment of consumer exposure, and empowers the development of safer

gel nail polish formulations through reliable PI quantification. The alarming market data generated

underscores the immediate necessity for regulatory action and industry innovation toward eliminating

high-risk PIs like TPO.
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Fig.1 Structural formulas for the five photoinitiators (PIs)
HCHPK: 1-hydroxycyclohexyl phenyl ketone; TPO-L: ethyl(2, 4, 6-trimethylbenzoyl) phenylphosphinate; TPO: 2,4, 6-trimethylben-
zoyl diphenyl phosphine oxide; TMO: [ Bis(4-methylphenyl) phosphinyl] (2,4, 6-trimethylphenyl) methanone; PB-TMBPO: [phenyl(2,
4,6-trimethylbenzoyl) phosphoryl] (2,4, 6-trimethylphenyl) methanone.
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Fig.2 Liquid chromatograms of the mixed standard solu-
tion of the five PIs and MC2 sample solution sepa-
rated by different chromatographic columns

a. Kromasil 100-5-C18 (150 mmx4.6 mm, 5 pm) ; b. Venusil

MP C18 (150 mmx4.6 mm, 5 pm) ; c¢. Diamonsil plus C18 (150

mmx4.6 mm, 5 pm) ; d. Poroshell 120 EC-C18 (100 mmx4.6

mm, 4 pm).

Mobile phases: A, water; B, acetonitrile. Gradient elution pro-

gram: 0-2 min, 30%B; 2-5 min, 30%B-65%B; 5-9 min, 65%B; 9-

11 min, 65%B-95%B; 11-13 min, 95%B; 13-13.5 min, 95%B-

30%B; 13.5-17 min, 30%B. Flow rate: 1 mL/min. Column tem-

perature: 30 C. Detection wavelength: 243 nm.
Peak identifications: 1. HCHPK; 2. TPO-L; 3. TPO; 4. TMO; 5.
PB-TMBPO.
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AL 3 7 A 3L S HEAE I 8, AT IR R . AE
AL s 25 T e SR 25 U R .S A S R A
IR TR R A PR TV TR 5 SRR SO RR T TR €6 1
B 3) . S5 FRM 7 243 nm X751 % A
T4 g, MC1,. MN1,MN2 # &4 HCHPK (1 45 fif
W 2 W 5 U rh A T 0 0 03 B BE Y >20 7R
375 nm |, 25 [ JE T 4L, MC2 . MC1 . MN1
MN2 #&# TPO B4R HEIE (1% 3) , YHI &4 TPO-
L A9 R AE 05 (% 2) , MN2 & 4 TMO #J 45 fiF 06 (04
4) ,3X 46 Pls U 55 KL 5T o JH Al 1= 40 06 73 15 B 1 R AT
R>4, 411 3b fr7s s TEAE it bR W b, 5 F PIs 19
35 W TR R 47 B8 R B A KT 25 000, WA
3¢.3d i o &5 B BT & 57 19 HPLC-DAD J7 ik
HA RIFW T ERE R
232 4LMHEXRA BHRSEZER

Fie 1.2 71 e A 7] 5T o ok B2 1Y) 3R 9IRS
W3 14 AR S AT I E , LS BRI &

(x100)

J e B M R AR B (oo, mg/L) U 1T AR R G0 AR A (y)
gl bR e M £k, 5 Fh H AR L& P 7E 2~600 mg/L i [F
M A OGP R A, A OC R A (r) $920.999 9. 73 5
PL 3 {515 M b (S/N=3) Fl S/N=10 F %} i Y I i i
JE VE Ry K H BR (LOD) Al 5 BR (LOQ) , 5 #h PIs 1Y
J7 15 LOD g 3.6~45 pg/g, ¥ ik LOQ K 15~141
ng/g, AR WK 2,
233 HRFERMEEE

AN o e o SR R e R R N B
J& o U UE Ty 1k I M A R R A X K
AR TR PR FE T 43 BT AR mOR8S . BUAR R T
LR E AN 5 FH R PIs (19 0 R & A [R]
FE S B AR Pk AR G L AF AR A S, R R
BRI 2 HEFEAT ISR IGUE o A/ BE B AA - T %
2 B K TPO, A 1) — 4t A % HCHPK,
TPO-L.TMO #1 PB-TMBPO 1 H! i1 i £ 5 (MC2)
IS IR A BR % A5, 7E 0.4 .4 .40 mg/g 3 UK
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Fig.3 Chromatograms of five sample solutions and a reagent blank solution at the wavelengths of (a) 243 nm and (b) 375
nm; chromatograms of five spiked sample solutions and a mixed standard solution at the wavelengths of (c) 243 nm

and (d) 375 nm

Column: Kromasil 100-5-C18 (150 mmx4.6 mm, 5 pwm). Mobile phase: A, water; B, acetonitrile. Gradient elution program: 0-2 min,
55%B; 2-6 min, 55%B-95%B; 6-8 min, 95%B; 8-8.5 min, 95%B-55%B; 8.5-12 min, 55%B. Flow rate: 1 mL/min. Column temperature :

30 C.

Peak identifications: 1. HCHPK; 2. TPO-L; 3. TPO; 4. TMO; 5. PB-TMBPO.



=
=]

512 1]

B, 5 - i SSOBOH A5 12 I W e v 2,4, 6- = FF R R T gt R - R R A AL 4

5L E1 A

- 1387 -

Table 2 Linear ranges, linear equations, correlation coefficients (r), limits of detection (LODs) and limits of quantifica-

R2 SHAESRFMEEEE AEFRBXRH CHREESR

tion (LOQs) of the five PIs

Linear range/

Method LOD/

Method LOQ/

Compound (mg/L) Linear equation r LOD/(mg/L) (ng/e) LOQ/(mg/L) (ng/e)
HCHPK 1.95-586 y=l.39><104x—1.66><102 0.9999 0.036 3.6 0.15 15
TPO-L 1.96-588 Y=2.29x10%x+5.52x10? 0.9999 0.45 45 1.41 141
TPO 1.94-582 y=4.78x10%x+9.98 0.9999 0.38 38 0.87 87
TMO 1.96-587 Y=5.23x10%x+1.92x10? 0.9999 0.25 25 0.65 65
PB-TMBPO 1.96-588 ¥=6.06x10%x+1.33x107 0.9999 0.26 26 0.73 73

y: peak area; x: mass concentration, mg/L.

F ¥k 47 HCHPK ,TPO-L,TMO £1 PB-TMBPO (¥ /il
Fr il 56 5 ] TPO A &% 54 14.2 mg/g (19 H
JiEFE i (MCL) Hr, W IR & b5 HE i 45 W, 7E 6. 14
30 mg/g 3 D AnkR/KF R #E4T TPO Inds i 5 .
HEWE - 0] K Y TPO-LAH AN 55 4 Fi PIs 1 H i IS B
i (YHD) v, 78 IR & 45 6 45 W), 78 0.4.4.40
mg/g 3 /K F F #17 HCHPK,TPO ,TMO #I PB-
TMBPO 1y fin b [ 5 5 ) 5 — it A & TPO-L 1Y
FH I B A (MINTD) A, 8 IR 6 b 1 B 45 W, 7E
0.4.4.40 mg/g 3 /K -F- T~ #4T TPO-L By i x a1 4k
IR AR R R KO AT A 6 e R
1.3 W HBUS I & 8 5 Fh PIs 4 [0 R K A X b
WM 22 (RSD) , 25 R UL 3 3. 76 2 Ry 3L i v,
% HARE A W 09 2 A BICR h 91.6%~101.8%,
RSDs(n=6)4 0.2%~4.3%.
2.4 EEREMBET

K FH BT ST 00 O vk 6 B 30 it Y I i A
HEAT ARSI (UL 4) o ko ok B2 v, 5 o P ok Y
o135 e O BRI ] 55 4 o 5 TR — 380, W3k — 25
()58 A0 ik ] 5 e B AH ST 04 B o S YRR 3 I 2R AT

TPO mTPO-L OTMO =PB-TMBPO

N W O
(CRCRCRCRCRORG]

=3 SFESIKFFE 2 B R i A B R AP A 0 AR B 0 2R 5 R 3 AR
R 2 (n=6)
Table 3 Spiked recoveries and RSDs of the five PIs in two
kinds of gel nail polish matrices (n=6)

Conm. Liquid/viscous liquid Gel

pound Spiked/ Rec./ RSD/  Spiked/ Rec./ RSD/

(mg/g) % % (mg/g) % %

HCHPK 0.4 91.6 0.3 0.4 97.6 0.2

4 98.1 0.3 4 98.7 0.6

40 99.0 0.4 40 99.7 0.3

TPO-L 0.4 97.4 4.3 0.4 99.4 3.3

4 99.5 2.8 4 99.2 1.3

40 99.7 0.4 40 99.6 0.3

TPO 6 100.4 3.1 0.4 99.3 3.9

14 98.3 2.1 4 101.8 2.8

30 100.1 1.3 40 99.6 0.3

TMO 0.4 96.7 3.0 0.4 99.8 3.1

4 100.4 1.1 4 101.4 1.5

40 99.5 0.4 40 99.4 0.3

PB- 0.4 96.7 2.2 0.4 101.2 1.4

TMBPO 4 992 0.4 4 992 0.9

40 99.4 0.5 40 98.9 0.3

Rec.: recovery.
= HCHPK

YH] s
YH2 S
YH3

G10
MNI1
MN2
MN3
MN4
MNS5
MN6

Sample number
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8
< 6 I I
=7
E=1
S 4 I
] i
0
— NN T VN O~ NDOS — — A
SS=22=232=2Z2=2
s =
& 4

30 #t 32 BR B i AR A A A 4 R

Fig. 4 Testing results for 30 batches of gel nail polish samples



- 1388 - @

i %43 %

P X, DA 2 18 00 Ak G 0 i A IS O o BT A RE
(LT8R 32 e 45 2 e ) #4 K it 1~3 F Pls,
AR IR R0 2.95%~9.66% (JF &4 B0 s Sk 4
Filt PIs, B 4tt 35 & A W 5L A AL B2 Pls; A 27 b H
JE At D B A% T TPO , 4 HERE S KG HY TPO AL 5
TPO-L 1 TMO, ifii PB-TMBPO #j & & i ; TPO .,
TPO-L 1 TMO & & i [ iy 1.42%~6.43% (5T & 73
) .6.73%~7.17%(Jo1 12 53550 F1 0.25% (J57 18 73 440
F 23 #bk - JE R 2% PIs(HCHPK) , & & 0
0.83%~4.84% (BT 1 73 %) o A% X 7™ il b 25 il £ 22 %
HBE R B, 35 S FH 3 38 R AR T A R Y PIs 4T
(EAR RS, b S HERE fL RS 1) TPO & it O
H I R RR B Akt i 75 B (EC) No 1223/2009 Bff s I
55 311 TR A Y e K SRR 5.0% (5 = 4y
O TPO W E T 2025 4E 9 A 1 H & MEK A
A it B FH 0 o 37 B B, WAC Sk 2 45 T g o 0t B A
B BRI, X F S R S At & vV SR A JEORH I A
() TPO % PIs A K I A1 45 £ 368 76 JE e

3 Fig

ABEFR I KT —FhE sk AT & HPLC-DAD
D5 ¥k, T [ B BRI R i S R OC B Pls:
TPO.TPO-L,TMO ,HCHPK #l PB-TMBPO. 4t X}
FH 7 e A2 % 5 ot 500 A U T R ) A, A B 5 A S
TOBCPE AR T S m IR TR S AR 2 AR AT
A 3 2% A ARG 1 o O YR R T BE IR TR I R
s i B R MR A AL e R TR SE BT 5 A
Pls 765 #L C18 #F I Ay 43 B A I o 3 2k X i fie ik
A% /785 R YA R D s 1B R ) AR ) T AR RS % 56
TE , HF— 25 UE ST J5 % 09 o o MR R R SR O LR
S0 = R AR T — R A 5 )T S A
TH,

A7 K TPO B W 72 A4 (TMO . TPO-L,
PB-TMBPO) 5 H i/ i % F ) HCHPK 44 A [i] —
A3 T ¥, AR XN BRBE TPO 254 %6 36 [ 16 i W 4
FUA MDAl 2 ok i Pk AR T B AR R &5 SR R
Wi 7R AE T 9 W Ak B 45 R0 i 2k AR R

H ELA R N A (R R ORI 9T AT 2 T AR T ik Y
S o A I K0 L O Jee Rl B R PTs B XUBS: 1Al 45 R
BB S E 7 R TEA PIs % 08 AR T
S PSR W R IR HRAT L K R T OR

SE Wk
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