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a  b  s  t  r  a  c  t

Henna  (Lawsonia  inermis)  is  applied  to stain  keratin,  present  in hair,  skin  and  fingernails,  a  red-orange  or
rust colour.  Producers  of  temporary  tattoos  mix  the  aromatic  amine  compound,  para-phenylenediamine
(PPD)  into  natural  henna  to create  ‘black  henna’  that rapidly  stains  the  skin  black.  However,  PPD  may
cause  severe  delayed  hypersensitivity  reactions  following  skin  contact.  This  study  proposes  a rapid  direct-
analysis  method  to detect  and  identify  PPD  using  an atmospheric  solids  analysis  probe  (ASAP)  coupled
to  a Q-ToF  mass  spectrometer  (MS).  Since  laborious,  multistep  methods  of analysis  to determine  PPD  are
undesirable,  due  to the  instability  of  the  compound  in  solution,  a screening  method  involving  no  sample
preparation  steps  was  developed.  Experiments  were  carried  out  to optimise  the  corona  current,  sample
cone  voltage,  source  temperature,  and  desolvation  gas  temperature  to  determine  ideal  ASAP-Q-ToF-MS
analysing  conditions.  Eleven  of the  109  henna  samples,  originating  from  various  countries,  tested  positive
for PPD  when  henna  products  were  screened  using  ASAP-MS,  without  any  form  of  sample  preparation
other  than  grinding.  Ultra-performance  liquid  chromatography  electrospray  ionisation-mass  spectrom-
etry  (UPLC-Q-ToF-MS)  was subsequently  used  to confirm  the  results  from  ASAP  and  to determine  the

concentrations  of PPD  in henna  products.  The  allergen  was  detected  in  the same  eleven  samples,  with
concentrations  ranging  from  0.05–4.21%  (w/w).  It can  be  concluded  that  the  sensitivity  of the  ASAP-MS
technique  is  sufficient  (limit  of detection  = 0.025% w/w)  to allow  screening  of  henna  samples  for  the  pres-
ence  of PPD.  This  relatively  new  technique  can  be applied  to  commercial  products  without  extraction,
sample  treatment  or chromatographic  separation.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lawsonia inermis, a shrub or small tree commonly known as
enna, belongs to the Lythraceae family and is the only mem-
er of the genus Lawsonia. It is cultivated commercially in India,
gypt, Somalia, Sudan, Morocco, Iran, Yemen, Niger and Pakistan,
ith India being the largest producer [1]. Henna leaves produce an

range-red napthoquinone dye, known as lawsone. Paste prepared

rom powdered henna is traditionally used for dyeing hair; henna
xtracts are also incorporated into other cosmetic products. There
s evidence of henna being applied to mask grey hair in North East

∗ Corresponding author at: Department of Pharmaceutical Sciences, Faculty of
cience, Tshwane University of Technology, Private Bag X680, Pretoria 0001, South
frica.

E-mail address: viljoenam@tut.ac.za (Alvaro.M. Viljoen).

ttp://dx.doi.org/10.1016/j.jpba.2016.05.020
731-7085/© 2016 Elsevier B.V. All rights reserved.
Africa as early as 6000 BCE and to stain skin since the Bronze Age
in the eastern Mediterranean. The plant material was, and still is,
traditionally applied to the hands, nails and feet as durable, but
not permanent, adornments for weddings and other festivals in
cultures originating from regions where the plant flourishes. The
cultural use of henna was transmitted beyond its native botanical
zone through the expansion of Islam throughout Africa, the Levant,
the Middle East, and South Asia, as far as Malaysia and Western
Australia. Since 1998, henna and ‘black henna’ temporary tattoos
have globalised into western popular culture.

Natural henna is regarded as safe for topical application with
very few reports of allergic reactions, despite its extensive use
[2]. Although the application of henna has been known to cause

oxidative haemolysis in neonates and juveniles who suffer from
homozygous glucose-6-phosphate dehydrogenase deficiency [3],
allergic reactions to topical applications of henna products are
extremely rare [4]. Virtually all reported cases of hypersensitivity

dx.doi.org/10.1016/j.jpba.2016.05.020
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2016.05.020&domain=pdf
mailto:viljoenam@tut.ac.za
dx.doi.org/10.1016/j.jpba.2016.05.020


120 W.  Chen et al. / Journal of Pharmaceutical and Biomedical Analysis 128 (2016) 119–125

Fig. 1. Schematic of the ASAP source and probe assembly (Modified with permission from WATERS).
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Fig. 2. Effect of ASAP ramp desolvation tem

ere associated with the adulteration of natural orange-red colour
enna with p-phenylenediamine (PPD) [1].

People adapted ‘black henna’ into body art to create fast, black
rtistic temporary tattoos when PPD-based black hair dye became
vailable as a home hair dye kit in east Africa in the 1970’s [5].
hereas henna paste must be in contact with keratin for four to
ight hours to create a saturated stain, the addition of PPD results
n a durable tattoo in less than an hour. This rapid and efficient
ture on the extracted MS ion trace of PPD.

colouring action is due to the excellent protein-binding capacity
of PPD and its rapid penetration into the hair shaft [6]. The com-
pound is an aromatic amine with chemical formula C6H8N2 and
has a molecular weight of 108.15 g/mol. It is applied as an azo dye
intermediate for dyeing fur, is used for photochemical measure-

ments and as a photographic developing agent, and serves as an
intermediate in the manufacture of antioxidants and accelerators
for rubbers [7].
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Fig. 3. ASAP-Q-ToF mass spectru

p-Phenylenediamine added to, or substituted for, henna, to
reate a fast, black skin stain, is considered more modern, more
fficient, more attractive, and more nearly resembling black perma-
ent tattooing. The patent holder, DuPont, “. . . does not recommend
nd will not knowingly offer or sell p-(PPD) for uses involving pro-

onged skin contact. Such uses may involve, but are not limited to,
roducts formulated with henna for tattoo applications or other skin
oloration effects. This use of PPD in prolonged skin contact applica-
ions has the potential to induce allergic skin reactions in sensitive
ndividuals” (http://www2.dupont.com/). A patch augmented with
0% PPD was found to cause 100% sensitisation in individuals after
ne to five exposures [8]. Some of the adverse health effects asso-
iated with the use of ‘black henna’ containing PPD are contact
ermatitis, palpebral eczema, blistering similar in appearance to
hemical burns, life-long sensitisation and cross-sensitisation to
iamines and chemically similar coal tar derivatives, acute renal

ailure, acute and severe angioneurotic edema, abdominal pain and
omiting [9,10]. Some researchers have expressed concern that the
xidation of PPD during hair dyeing may  lead to the formation of a
utagenic compound known as Bandrowski’s base [11].

Various techniques, including thin layer chromatography (TLC),
igh performance liquid chromatography (HPLC), liquid chro-
atography coupled with tandem mass spectrometry (LC–MS/MS)

nd gas chromatography–mass spectrometry (GC–MS), have been
pplied to determine the presence of PPD in hair dyes and henna
owders [6,12,13]. Sample preparation and chromatographic sep-
ration are common bottlenecks in analyses, since these steps are
ften tedious, time-consuming and expensive. Mohamed et al. [13]
eported that the concentration of PPD in a blood sample was
iminished to only 3% of its original concentration after 24 h, dur-

ng a stability evaluation. To mitigate the oxidation of PPD, they
dded ascorbic acid as antioxidant. However, PPD proved to be a
tronger reducing agent than ascorbic acid, making it difficult to
revent the reaction when PPD is exposed to air and/or light. Sam-
les must therefore be extracted within a short time and stored in
mber vials prior to analysis to minimize the risk of oxidation. The

se of a direct, rapid and inexpensive analytical technique, imple-
ented to detect the presence of PPD, could be extremely valuable

s part of a quality control regime for henna products.
ositive ionisation mode) of PPD.

Developed in 2005, the atmospheric solids analysis probe
(ASAP) [14], can be applied directly to a broad range of diverse
solid or liquid samples, without complex sample preparation and
chromatographic separation, to rapidly determine the presence of
volatile and semi–volatile compounds. All ionisable, volatile ana-
lytes in the sample reach the source and are detected by the mass
spectrometer (MS), in a full scan experiment, thereby minimizing
any analyte losses. The technique has been successfully applied
to the analysis of drugs, natural products, nucleosides, polymers,
coal-related model compounds and steroids [15–17].

A significant advantage of ASAP is that the sample can be intro-
duced directly into the mass spectrometer at atmospheric pressure
without the need for a source vacuum [17]. Since the technique is
based on atmospheric pressure chemical ionisation (APCI), simple
mass spectra that typically show to the molecular ion [M+H]+ are
produced in positive mode [18,19].

The basic principle of ASAP ionisation (Waters, USA) is illus-
trated in Fig. 1 [20]. A liquid or solid sample is deposited on the
tip of the sealed glass capillary of the probe by simply touching
the sample with the capillary. The probe is subsequently inserted
directly into the mass spectrometer where a flow of heated gas
causes thermal desorption of the compounds present. Ionisation of
the analyte occurs through proton or charge transfer reactions. The
proton source can be water, but methanol or other solvents can be
used [21]. The production of protonated molecules relies heavily on
the molecular interaction/charge-transfer process occurring on the
sample surface. Since specific ion masses are extracted, the ASAP
probe constitutes a powerful screening tool for the presence or
absence of analytes. Several key parameters, including the corona
current, sample cone voltage and gas desolvation temperature,
require optimisation because these variables determine the total
number of ions detected [22]. The ASAP can be used in conjugation
with quadrupole ToF-MS (Q-ToF-MS) to produce high resolution
and obtain accurate mass measurements.

The purpose of this study was to assess ASAP-Q-ToF-MS as a
rapid screening technique to determine the presence of PPD in

henna samples, without extraction or sample pre-treatment. The
validity of the results and the sensitivity of the technique towards
PPD were tested using UPLC-Q-ToF-MS as a quantitative method.

http://www2.dupont.com/
http://www2.dupont.com/
http://www2.dupont.com/
http://www2.dupont.com/
http://www2.dupont.com/
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Fig. 4. (a) Extracted ion pseudo chromatogram of henna sample 

. Materials and methods

.1. Chemicals and reagents

A reference standard of PPD (purity 100%) was purchased from
APOT (Hongzhou, China). Acetonitrile and methanol were HPLC
rade (Romil, Cambridge, UK), while ethanol and formic acid (SMM
nstruments, Johannesburg, South Africa) were analytical reagent
rade.

.2. Sample preparation

Henna samples (109) from 16 countries were purchased from
etail exporters selling packets of henna on Ebay in March 2013.
hese samples were powdered using a Retsch® 400 MM ball
ill (Haan, Germany) and sieved through a 500 �m sieve (Ende-
otts Ltd., London, UK). For UPLC–Q-ToF-MS analysis, 50.00 mL  of
ethanol (HPLC grade) was added to each accurately weighed

ample (250 mg). The mixture was sonicated (Branson 2510,
exico) for 15 min  at room temperature and subsequently filtered
ning PPD by ASAP. (b) The mass spectrum corresponding to PPD.

through a 0.2 �m nylon syringe filter (Bonna-Agela Technologies,
Wilmington, DE, USA) prior to analysis.

2.3. ASAP-Q-ToF-MS analysis

The PPD was determined using an ASAP coupled to a XEVO G2
Q-ToF mass spectrometer (Waters Corp., Milford, MA,  USA). Each
henna sample was introduced directly into the ion source after
dipping the end of the capillary, pre-wetted with methanol, into
the sample powder. Heated nitrogen gas was applied to desorb
the sample. Three parameters i.e. the corona current (�A), which
affects the ionisation, sample cone voltage (V), which influences the
in-source fragmentation and attracts charged ions into the mass
analyser region, and the desolvation gas temperature (◦C), which
affects volatiliation, were optimised by repeatedly analysing the
PPD standard in methanol (100 �g/mL). The standard was ana-

lysed by dipping the capillary into the solution, and removing the
excess. The corona current was investigated over the range 3–6 �A,
the sample cone voltage (V) was increased from 10 to 40 V, while
the desolvation gas temperature was manually varied from 100 ◦C
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Fig. 5. (a) Base peak intensity (BPI) UPLC-Q-ToF-MS chromatogram of a

o 500 ◦C in 50 ◦C steps over 20 s intervals. The main purpose of
ptimisation was to produce as many ions from PPD as possible,
hereby reducing in-source fragmentation to facilitate further iden-
ification. To achieve this, one key parameter was changed in turn,
hile maintaining the others. Each sample was analysed for 3 min,

y applying a desolvation temperature ramp and running a blank
efore and after each of the samples. Currently, ASAP requires man-
al sample loading and introduction. Both positive and negative

on modes were operated under atmospheric pressure ionisation
API) conditions to select the mode yielding the largest abundance
f ions. The ASAP source temperature was set at 120 ◦C. The flow
ate of the desolvation gas was 800 L/h. A scan time of 0.5 s and
nterval time of 10 s were applied over the m/z  range 50–600 using
eucine enkephalin as the LockSpray reference (556.2771). Instru-
ent control, and data acquisition and handling were performed
sing MassLynx 4.1 software (Waters, Milford, MA,  USA).
a sample containing PPD. (b) The mass spectrum corresponding to PPD.

Prior to sample analysis, the source temperature was  set to
150 ◦C and the desolvation gas temperature to 500 ◦C for 1 h to
remove any residual contamination. Instrumental conditions, as
optimised for the PPD standard, were used for the sample anal-
yses. To prevent sample carry-over between subsequent samples,
the glass capillary was  inserted into the source chamber at 500 ◦C
for at least 30 s to remove any contamination from the tip. The cap-
illary rod was then removed, cooled and dipped into the next henna
sample for ten seconds. Sample overload and contamination of the
ion source was avoided by carefully removing excess solid from the
capillary with tissue paper before inserting it into the ion source via
the ASAP.

The limit of detection (LOD) was evaluated by spiking a blank
henna sample with decreasing concentrations of PPD (2.0–0.025%

w/w) and subsequently determining the PPD under the same con-
ditions as the samples. The lowest concentration that yielded a
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Table 1
p-Phenylenediamine detected by ASAP-MS, and quantified by UPLC-Q-ToF-MS, in
henna samples from various countries.

Country of origin No of samples
screened

Code of sample
positive for PPD
by ASAP-MS

PPD in sample
(% w/w) by
UPLC–MS

India 62 021 3.67
075 3.91
088 0.61
100 1.75
111 1.46
115 0.05
127 2.42
149 0.81
167 0.54

USA 9 – N.d.
Egypt 6 – N.d.
Pakistan 12 116 0.05
Iran 5 – N.d.
Yemen 2 – N.d.
Morocco 2 – N.d.
France 1 – N.d.
Sudan 2 – N.d.
Mauritania 2 – N.d.
Italy 1 – N.d.
Japan 1 019 0.50
Turkey 1 – N.d.
Russia 1 – N.d.
Canada 1 – N.d.
Nigeria 1 – N.d.
24 W.  Chen et al. / Journal of Pharmaceutica

ignal-to-noise (S/N) ratio of 3 for the PPD signal was regarded as
he LOD.

.4. UPLC–MS analysis

A Waters Acquity Ultra Performance Liquid Chromatographic
ystem with photodiode array (PDA) detector (Waters, Milford,
A,  USA) was used for the quantitative determination of PPD in

he henna samples. Chromatographic conditions were optimised
o obtain a well-resolved peak for PPD within a short analysis time.
eparation was achieved on an ACQUITY UPLC BEH C18 column
150 mm × 2.1 mm,  i.d., 1.7 �m particle size, Waters), maintained
t 30 ◦C. The mobile phase consisted of 0.1% formic acid in water
Solvent A) and acetonitrile (Solvent B) at a flow rate of 0.3 mL/min.
radient elution was applied as follows: the initial concentration
as 100% Solvent A, held for 2 min, then changed to 40% Solvent

 over 4 min, then to 95% B within 2 min, maintained for 1 min,
efore returning the gradient to 100% Solvent A over 0.5 min  and
quilibrating the system for 2.5 min. The total run time was  12 min.

 full-loop injection of 2.0 �L was done. The UPLC system was
nterfaced with a Xevo G2-Q-ToF-MS (Waters, USA). The same col-
mn, elution gradient and flow rates as before were used for the
PLC–MS analysis. Positive ion mode was used. Nitrogen was used
s the desolvation gas at 420 ◦C and a flow rate of 500 L/h. The cap-
llary and cone voltages were set to 3800 and 35 V, respectively. All
he analyses were acquired by using the lock spray to ensure accu-
acy and reproducibility; leucine–enkephalin was used as the lock

ass, generating an [M+H]+ ion at 556.2771 Da in ESI+ mode. Data
ere collected between m/z 50 and 600 and processed by MassLynx

.1 chromatographic software (Waters).
Method validation was performed according to the ICH

armonised Tripartite Guideline [23]. A calibration curve was con-
tructed for PPD after diluting appropriate volumes of a freshly
repared stock solution in methanol to concentrations of 0.50, 1.0,
.0, 5.0, 10, 25, 50 and 100 �g/mL. The LOD and lower limit of quan-
itation (LOQ) were established based on the S/N ratio approach,
here LOD was expressed as S/N = 3 and LOQ as S/N = 10. Method

recision was measured as the relative standard deviation (RSD)
f the measured concentration of PPD (N = 3) to the theoretical
oncentration. The accuracy of the method was determined by
etermining the recovery from henna samples spiked at three con-
entration levels (2.0, 25 and 100 �g/mL) with PPD. In addition, the
tability of PPD was evaluated by spiking henna samples (N = 3),
ontaining no PPD, with a known concentration of PPD (100 �g/mL;
ime 0) and re-analysing the samples at various time intervals (2,
, 6, 8 and 24 h). The samples were kept at room temperature in

 transparent vial exposed to daylight conditions. The PPD con-
entrations were calculated and the corresponding means were
ompared.

. Results and discussion

.1. Optimisation of the ionisation conditions for ASAP-Q-ToF-MS

Positive ion mode yielded the higher specific signal of PPD and
as used throughout. For the MS  spectrum, the characteristic mass

m/z = 109.0708) was selected and this information was used for
nvestigating the presence or absence of PPD in the commercial
amples. Various parameters i.e. cone voltage, corona current and
esolvation gas temperature were optimised to improve detection
ensitivity. The temperature of the desolvation gas is a crucial fac-

or in analyte desorption and also influences the degradation of
hermally labile compounds [16]. To optimise the desolvation tem-
erature, the melting point of PPD (267 ◦C) was considered, since
his temperature is normally the starting point for desolvation tem-
Total samples positive 11 11

N.d.= not detected.

perature selection to ensure progressive and optimal desorption of
the analyte. However, it was evident from the extracted ion trace,
obtained by increasing the desorption temperature (Fig. 2), that
PPD was  already partially desorbed at 150 ◦C. As the temperature
increased, decay of the ion current was observed that is consistent
with depletion of the sample. An optimal desorption temperature
of 150 ◦C was  therefore selected.

A corona current of 5 �A and sample cone voltage of 30 V were
selected, since these conditions yielded the most PPD ions. The
mass spectrum of PPD obtained following subtraction of the back-
ground spectrum (Fig. 3) indicates the base peak at m/z  109.0708,
corresponding to [M+H]+ for PPD, while the less abundant peak at
m/z 92.0564 corresponds to [M−NH2]+.

3.2. Screening of henna samples for PPD using ASAP-Q-ToF-MS

The extracted ion pseudo-chromatogram of a henna sample
found positive for PPD by ASAP-MS is presented in Fig. 4a. According
to the mass spectrum (Fig. 4b), two intense peaks at m/z 109.0714
and 92.0563 were observed that corresponded to the mass spec-
trum of the PPD standard, thereby confirming the presence of the
compound in the sample. Eleven of the 109 samples were found
to be positive for PPD (Table 1). The LOD value was determined as
0.025% (w/w).

3.3. Quantification of PPD in henna samples by UPLC–MS

In this study, a validated UPLC–MS method was  used to confirm
the results obtained from ASAP analysis and quantify the PPD in
henna sample extracts. The total run time of the UPLC–MS was
12 min, which is much longer than the 3 min needed for ASAP
(Fig. 5a). Since the PPD elutes early (Rt = 1.11 min), a short column

wash could replace the gradient elution used. Analysis by UPLC
resulted in improved resolution for the highly polar PPD when
compared to that obtained by Almeida et al. [24] using conven-
tional high performance liquid chromatography. The calibration
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urve constructed from the analysis of the PPD calibration stan-
ards was found to be linear (r2 = 0.9981) over the concentration
ange 0.50–100 �g/mL. The LOD and LOQ were determined as 0.44
nd 1.34 �g/mL respectively, while the intra-day precision value
as 1.92%. The method accuracy varied from 95.8% to 99.7%. The

tability evaluation indicated that PPD was stable for the first two
ours, whereafter it reduced to 97.2% of the original concentration
fter 4 h, and then rapidly deteriorated to 44.0% after 24 h.

Of the 109 samples analysed, the same 11 samples found to be
ositive for PPD using ASAP were found to contain levels of PPD
anging from 0.05–4.21% (w/w) by UPLC–MS (Table 1). No PPD was
etected in the remaining 98 samples when either technique was
pplied. Almeida et al. [24] determined PPD in three tattoo products
nd eleven henna hair dyes from five countries. They found that the
PD concentrations ranged from 1.17 to 64% in the tattoo dyes and
rom 2.09-12.8% in two of the hair dyes, while no PPD was detected
n the remainder of the samples. The results of our study indicate
hat the ASAP technique, if applied to the samples of Almaieda et al.
24], would have detected PPD in the positive samples, since the
OQ for the ASAP technique was established at 0.025% (w/w).

. Conclusions

The globalisation of henna body art, and numerous injuries
aused by painting skin with PPD as ‘black henna’ over the past
wenty years has resulted in the outlawing of ‘black henna’ con-
aining PPD in many countries [25], though black hair dyes with
igh concentrations of PPD as well as industrial PPD, remain readily
vailable [26]. These supply sources are put into use to create ‘black
enna’ temporary tattoos [24]. Since such tattoos are largely pur-
eyed through informal economic activity, enforcement of these
aws has been ineffective, and the popularity of painting the skin

ith PPD as ‘black henna’ has contributed to an epidemic of PPD-
elated sensitisation [27]. The availability of rapid methods to
creen dyes and tattoo products will facilitate law enforcement.

This is the first report on the application of ASAP-Q-ToF-MS for
he screening of henna samples to determine the presence of PPD.
he suitability of the technique was confirmed by comparing the
esults with those from UPLC-Q-ToF-MS. Direct analysis of the solid
ample prevents degradation in aqueous media and permits large
umbers of samples to be screened, because no sample preparation
other than grinding) or chromatographic separation is involved. It
as found that ASAP-Q-ToF-MS is a powerful, convenient, rapid,

eliable and eco-friendly tool for the screening of henna products
or PPD. Samples found to be positive for PPD using the probe
an be further analysed by the more tedious UPLC-Q-ToF-MS tech-
ique to quantify the levels present. In this study, UPLC-Q-ToF-MS
as successfully applied with minimal sample preparation, thereby

reventing any degradation of PPD.
Ten percent of the samples analysed were found to contain PPD,

ndicating that henna products do pose a risk to consumers. Rapid
etection of PPD using the ASAP probe may  encourage screening of
enna products, to protect individuals who are susceptible to the
llergen.
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