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Abstract 7-dehydrocholesterol (7-DHC) and choles-
terol (CHOL) are biomarkers of Smith-Lemli-Opitz
Syndrome (SLOS), a congenital autosomal recessive
disorder characterized by elevated 7-DHC level in
patients. Hair samples have been shown to have
great diagnostic and research value, which has long
been neglected in the SLOS field. In this study, we
sought to investigate the feasibility of using hair for
SLOS diagnosis. In the presence of antioxidants (2,6-
ditert-butyl-4-methylphenol and triphenylphos-
phine), hair samples were completely pulverized and
extracted by micro-pulverized extraction in alkaline
solution or in n-hexane. After microwave-assisted
derivatization with N,O-Bis(trimethylsilyl)trifluoroa
cetamide, the analytes were measured by GC-MS.
We found that the limits of determination for
7-DHC and CHOL were 10 ng/mg and 8 ng/mg,
respectively. In addition, good linearity was ob-
tained in the range of 50-4000 ng/mg and
30-6000 ng/mg for 7-DHC and CHOL, respectively,
which fully meets the requirement for SLOS diag-
nosis and related research.Bll Finally, by applying
the proposed method to real hair samples collected
from 14 healthy infants and two suspected SLOS
patients, we confirmed the feasibility of hair anal-
ysis as a diagnostic tool for SLOS. In conclusion, we
present an optimized and validated analytical
method for the simultaneous determination of two
SLOS biomarkers using human hair.

Supplementary key words hair analysis « gas chromatography-
mass spectrometry « micro-pulverized extraction s microwave-
assisted derivatization « diagnostic test

*These authors contributed equally to this work.
*For correspondence: Yujing Luan, 18836705@qq.com; Yulan Rao,
yulan_rao@fudan.edu.cn.

SASBMB

Decontamination

Sample i i Quantitative
> Collection >> Sample preparation strategies > > Analysis >
mn (
[ ( ( ) _J GC-Ms
e — \8\0 — B> ) — X I
Cutinto 10mg
1-2 mm hair Microwave

f—
Clinical Assisted
Suspicion Derivatization I

l Abnormal
l 7-DHC and CHOL
Tevels
. @ Antioxidant Liquid-liquid "= Is
. A ™ Protection extraction | It
v B

({{

Collection & Preservation
follow the guidelines

.30 °C 7 stos
[ diagnosed

4
!.' g‘lﬁmin—’ - %J

: ’ i 1710 aliquot
Micro-pulverized extraction (1 mg hair)

Cholesterol (CHOL) is a ubiquitous biomolecule for
human and animal function serving as an utmost
important precursor of steroid hormones, bile acids,
and cell membrane (1). 7-dehydrocholesterol (7-DHC) is
the penultimate metabolite in the Kandustch-Russell
pathway for CHOL synthesis, catalyzed by an enzyme,
7-dehydrocholesterol reductase (DHCR7) (2).

Smith-Lemli-Opitz syndrome (SLOS) is an autosomal
recessive disorder of CHOL biosynthesis, caused by the
deficiency of DHCR?7. Consequently, high 7-DHC
plasma levels (at least 10 times higher than healthy in-
dividuals) and low CHOL plasma levels (59-1790 pg/ml
of SLOS patients versus 429-2743 pg/ml of healthy
children (3)) were described as a characteristic
biochemical manifestation and the diagnostic criteria
of SLOS (4, 5). Due to the irreplaceable role of CHOL,
wide-ranging and even fatal clinical symptoms are
frequently reported, including polydactyly, behavioral
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and cognitive deficits, specific facial features, organ
growth retardation, and immune and endocrine mal-
function (5, 6). Various phenotypes also bring great
difficulty to the clinical suspicion and diagnosis of
SLOS. SLOS incidence rate ranges from 1/20,000 to
1/60,000, with the highest prevalence in the population
of European descent, and the carrier frequency is
1%-2% (6, 7). With the increasing number of cases re-
ported in Asia in recent years (8, 9), SLOS may be more
common than originally thought (10).

Early intervention and treatment can improve the
condition of newborns (11), so it is critical to have an
efficient and simple diagnostic method. The metab-
olome of conventional matrices (ie, plasma, serum)
sometimes can be dynamic, resulting in a relatively un-
stable composition depending on maternal condition,
dietary or circadian variations. In contrast to the con-
ventional matrices (ie., plasma, serum), hair, as a com-
plementary matrix, can reflect the biochemical level of
infants in the prenatal stage and avoid the interference
of diet after birth on the analysis results (12). This is
because once analytes are incorporated into hair, they
can remain unchanged without fluctuations in content
caused by degradation or metabolism (13). Hair can also
be simply stored for a long time at room temperature
and no strict anticorrosion measures are required during
preservation or transportation procedure (12, 14). The
sample collection of hair can be convenient (without the
need of trained professionals) and less invasive (12),
which is more friendly to newborns, especially those who
are sick. Moreover, the analysis of hair has a much wider
window of detection and could show the presence of
analytes in individual’s body from a few weeks up to a
year (12), which is meaningful for the biochemical level
monitoring of some children and adult patients.

GC-MS has been reported to be a tool for diagnosis of
SLOS and other cholesterolopathies, which benefits from
its excellent peak resolution, no influence of matrix ef-
fects on ionization, higher chromatographic efficiency,
and relatively lower cost of instrument (15, 16). However,
the published analytical methods for CHOL in hair still
have a series of problems such as nonstandardized hair
weighing and homogenization (17, 18), time-consuming
extraction step (e.g., overnight soaking, 16 h ultrasound
etc.) (17, 19, 20), lack of necessary antioxidation measures
(17-20), inappropriate internal standard (IS) (17-19), rela-
tively incomplete method validation data (17-20), and
long extraction or derivatization times (up to more than
18 h) leading to low throughput (17, 18, 20).

In addition, at present, there is still a lack of analysis
methods for 7-DHC in hair. In the only publication
using hair as the sample for 7-DHC analysis, Serra et al.
(17) found that the level of 7-DHC (570-780 ng/mg) in
the hair of DHCR7-deficient mice (n=2) was hundreds
of times higher than that of the healthy mice
(<1 ng/mg) with decreased CHOL levels, which was
consistent with the trend in SLOS patients’ plasma.
However, the levels of 7-DHC and CHOL in human
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hair have not been studied, and the reference values of
7-DHC and CHOL in the hair of SLOS patients and
healthy individuals have yet to be established.

This study aimed at developing a reliable, simple, and
efficient GC-MS method, for simultaneous determina-
tion of 7-DHC and CHOL in human hair as an aid for
the diagnosing and monitoring of SLOS. The hair
decontamination, weighing, and homogenization stra-
tegies were carefully compared and optimized. Micro-
pulverized extraction (MPE) and microwave-assisted
derivatization were conducted for increasing analyt-
ical throughput. Antioxidant steps were also performed
to prevent the oxidative degradation of the analytes
and two deuterated ISs were adopted for accuracy as
recommended (16). Furthermore, this method was
applied to authentic hair samples of healthy and sus-
pected infants to describe possible differences in the
two biomarkers’ levels between these groups.

MATERIALS AND METHODS

Chemicals and reagents

Potassium hydroxide (KOH) and ethanol were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). 7-DHC, 7-DHC-d7 (7-DHC-25,26,26,26,27,27,27-d7),
CHOL, CHOL-d7 (cholest-5-en-25,26,26,26,27,27,27-d7), 2,6-Di-
tert-butyl-4-methylphenol (BHT), triphenylphosphine (TPP),
and all other chemicals and reagents used were purchased
from Merck (Darmstadt, Germany).

Neonatal hair samples were provided by Obstetrics and
Gynecology Hospital Affiliated to Fudan University and
Shanghai Children’s Hospital, Shanghai Jiao Tong University.
Informed oral consent was obtained from all volunteers’
guardians in accordance with the Declaration of Helsinki
principles. All related experimental and samples collection
procedures in this study were approved by the ethical com-
mittee of Obstetrics and Gynecology Hospital Affiliated to
Fudan University, Shanghai, China.

Preparation of standard solutions

7-DHC (1 mg/ml) and CHOL (10 mg/ml) were diluted in
isopropanol to a final concentration of 800 pg/ml and
1200 pg/ml respectively as standard solutions. 7-DHC-d7 and
CHOL-d7 were dissolved in isopropanol and finally diluted to
the concentration of 40 pg/ml and 60 pg/ml respectively as IS.
All solutions were stored at —40°C and prepared daily.

5 mg/ml BHT and 125 mg/ml TPP were prepared in
ethanol and used as the antioxidant solution. KOH solution
(1 M) was obtained by dissolving 560 mg KOH in 10 ml of 80%
ethanol solution and used as an alkaline reagent in the hy-
drolysis step.

Instrumentation

MPE was conducted in a Bead Ruptor (JinXin, JXFSTPRP-
6K, ShangHai, China) with temperature control function.
Microwave-assisted derivatization was performed in a Haier
MZC-2070M1 household microwave (ShangHai, China). Ul-
trapure water was prepared using a Millipore Milli-Q purifi-
cation system (Bedford, MA). GC-MS was performed by an
Agilent 7890B gas chromatograph connected with an Agilent
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7000D triple quadrupole mass spectrometer (Agilent, Palo
Alto, CA). The data acquisition software was Agilent Mass-
Hunter Quantitative Analysis B.09.00.

Sample collection

Hair collection and storage steps followed internationally
accepted guidelines (21, 22). In short, hair strands were
collected from the posterior vertex of the head of the infants
and stored in paper envelopes at dry place at room temper-
ature, protected from light after collection. During the
collection process, blunt scissor was carefully cleaned, and the
personnel wore gloves to avoid contamination of the samples.
Hair samples proportionate to the thickness of a pencil were
collected close to the scalp from multiple sites within the
posterior vertex region of the head (21). Newborns’ hair will
not be affected by factors such as cosmetic treatments and
sun exposure, but visible stains (such as meconium) should be
avoided during collection.

Sample preparation

Hair samples were washed successively with water, then
with acetone (5 ml/15 mg, 2 min under vortex agitation),
which were then dried at room temperature with gentle air
flow and cut into 1-2 mm long pieces.

50 pl of antioxidant solution (5 mg/ml BHT and
12.5 mg/ml TPP in ethanol) and IS solution (40 pg/ml 7-DHC-
d7, 60 pg/ml CHOL-d7, 50 pl for each kind, equal to
200 ng/mg 7-DHC-d7, 300 ng/mg CHOL-d7 in hair) were
added in a 2 ml MPE tube with ceramic beads. Afterward,
aliquots of 10 mg hair and 850 pl of the extraction solvent (1 M
KOH in 80% ethanol) were added into the tube. The samples
were placed on a Bead Ruptor system and pulverized
at —30°C using the following conditions: speed: 21 m/s; time:
40 s; dwell: 30 s. This procedure was repeated 15 times to
completely pulverize the hair. After pulverization, the
mixture was centrifuged at 10,000 g for 5 min, and then an
aliquot of 100 pl (equal to 1 mg hair sample) of the supernatant
was transferred to another tube. 900 pl of n-hexane (n-hex) as
the liquid-liquid extraction solvent was added. The mixture
was vortexed for 3 min and then centrifuged at 10,000 g for
5 min. The organic phase was transferred into a glass tube and
the residue obtained after evaporation was redissolved in
60 pl of the derivatization reagent N,O-Bis(trimethylsilyl)
trifluoroacetamide. After vortexing for 10 s, the tube was
sealed and microwave-assisted derivatized at medium-high
power (460 W) for 3 min. Then the derivatized sample was
completely transferred for GC-MS analysis and an aliquot of
1 pl was injected.

GC-MS analysis

The electron energy of GC-MS was 70 eV and the ion
source temperature was 320°C. Each sample (1 pl) was injected
in split mode (10:1) at 240°C and separated through a HP-5MS
capillary column (30 m X 0.25 mm x 0.25 ym) (Agilent Tech-
nologies, Palo Altro, CA) using helium as carrier gas with a
flow rate of 1 ml/min. The initial temperature of GC oven
was held at 240°C for 1 min and subsequently ramped at
20°C/min to 280°C and held for 17 min. 7-DHC and CHOL
were determined based on peak area using two qualifier ions
(m/z = 325, 351) and three qualifier ions (m/z = 129, 329, 368),
respectively. All of the ions were monitored in the selected ion
monitoring mode. Agilent Chemstation was applied for data
collection, processing, and GC-MS control.
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Method validation

Preparation of blank samples. 1/10 aliquot of 10 mg hair
alkaline digested sample was considered as blank sample after
being repeatedly extracted (3 times, by 900 pl n-hex) until 7-
DHC and CHOL were not detected or detected below their
lower limits of quantification (LLOQ). The residual levels of
the two analytes were monitored by the standard spiked
method, before and after the repetitive extraction as
described elsewhere (23, 24).

Specificity.  Specificity experiments were carried out using
six blank hair samples from different healthy infant sources
obtained by repeated extraction, to evaluate any possible
interference from endogenous compounds.

Linearity and sensitivity. A calibration curve for each
compound was prepared by spiking blank matrix with
standard solutions to achieve the following final concen-
trations: 50, 100, 200, 400, 800, 1600, and 4000 ng/mg for
7-DHC; 30, 100, 300, 500, 1000, 3000, and 6000 ng/mg for
CHOL. The two calibration curves of 7-DHC and CHOL
were obtained using least-squares linear regression, with a
1/x2 weighting factor.

Limit of detection (LOD) and LLOQ were determined with
blank matrix, spiked with different concentrations of 7-DHC
and CHOL. LOD was defined as the lowest concentration of
analyte having an S/N>3. LLOQ was the lowest result of
meaningful data with an S/N>10, while maintaining CV
within 20% of the nominal concentration.

Precision and accuracy. Accuracy and precision were evalu-
ated at four levels including LLOQ (50 ng/mg for 7-DHC and
30 ng/mg for CHOL) and three QC concentrations (100, 1200,
3200 ng/mg for 7-DHC, and 100, 1800, 4800 ng/mg for
CHOL). Intraday precision was assessed in replicate de-
terminations (n = 5) of QC samples in one run. Interday
precision was assessed in replicate determinations (n = 5) of
the three QC samples on three independent days. Accuracy
was assessed by comparing the calculated concentrations to
their respective theoretical values and precision was recorded
by relative standard deviation (RSD).

Extraction recovery rates. Extraction recovery were assessed
by calculating the percentages of peak area ratios of extracted
samples to those of nonextracted counterparts (representing
100% recovery), which were prepared by direct N,O-
Bis(trimethylsilyl)trifluoroacetamide derivatization in dry,
neat form at the three nominal concentrations (LQC, MQC,
and HQC, n = 5).

Carryover. Carryover was evaluated by injecting five rep-
licates of HQC sample (3200 ng/mg 7-DHC and 4800 ng/mg
CHOL) followed by methanol. The calculated concentration
of 7-DHC and CHOL in the methanol was used to assess the
carryover.

Dilution integrity. High concentration spiked samples
(10,000 ng/mg for 7-DHC and 10,000 ng/mg for CHOL) were
prepared as described above. After MPE, 100 pl of supernatant
were transferred and diluted 5 times and 10 times with blank
hair samples, respectively, before subsequent preparations.
Five replicate samples were analyzed for each dilution level,
and the dilution integrity was assessed by calculating the
precision and accuracy.
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Stability. ~Stability of three QC concentrations (100, 1200,
3200 ng/mg for 7-DHC, and 100, 1800, 4800 ng/mg for
CHOL) was evaluated under four different conditions.
Short-term stability was determined after placing QC sam-
ples at room temperature for 3 h. Postpreparative stability
was determined after placing pretreated QC samples in the
autosampler (25°C) for 24 h. When evaluating the freeze-
thaw stability, QC samples were frozen at —40°C for 24 h,
then thawed and kept in the dark at room temperature for
30 min. The freeze-thaw cycle was repeated three times.
Long-term stability was evaluated after storing QC samples
at —40°C for 30 days.

Application to real samples

The 7-DHC and CHOL level in the hair samples of 14
healthy newborns (seven males, seven females) and two sus-
pected SLOS patient (two females) were analyzed. In terms of
specific clinical symptoms, these two infant girls were diag-
nosed with SLOS typical symptoms of syndactyly of the sec-
ond and the third toes (left foot, Fig. 1). These patients were
suspected by clinicians to be SLOS undiagnosed patients. The
hair collection time of all newborns was the day of delivery to
minimize the influence of external factors. Because the pa-
tients” guardian refused to provide blood, genetic test could
not be conducted.

The hair samples were analyzed as described above
and quantitative results were obtained using the IS method.
The deuterated IS solutions were added at the same level
to the standard curve samples and testing samples
before sample preparation. After GC-MS detection, stan-
dard curves were obtained, with the weighted (1/ x?) con-
centration of the standard on the x-axis, and the peak area
ratio of the analyte to the corresponding deuterated IS on
the y-axis. Based on the standard curves, the concentrations
of the analyte in the testing samples were obtained by
regression analysis.

RESULTS

Method validation

Specificity. Chromatograms of six different blank
hair samples showed that no endogenous peak simul-
taneously existed. Representative chromatograms of
blank sample, spiked sample, and suspected SLOS pa-
tient’s sample are shown in Fig. 2. EI spectra is shown in
supplemental Fig. SI.

Patient 1

Sensitivity. The LOD and LLOQ were 10 ng/mg and
50 ng/mg for 7-DHC and 8 ng/mg and 30 ng/mg for
CHOL, respectively.

Linearity. Linearity was achieved with correlation
coefficients greater than 0.99, within the concentration
ranges of 50-4000 ng/mg for 7-DHC and 30-6000 ng/
mg for CHOL (supplemental Fig. S2).

Accuracy and precision. Accuracy of the assay was in
the range of 88.2%-111.9% for 7-DHC and 86.9%-114.2%
for CHOL. The intraprecision (RSD between 3.06% and
6.34% for 7-DHC, between 1.33% and 5.38% for CHOL)
and interassay precision (RSD between 2.09% and
11.92% for 7-DHC, between 5.79% and 1266% for
CHOL) were within the acceptable range, and the re-
sults are summarized in Table 1.

Apparent recoveries and carryover. Apparent recovery of
the assay was in the range of 80.9%-92.3% for 7-DHC
and 93.1%-95.6% for CHOL (Table 1). The data indi-
cated that the extraction of the two substances was
sufficient.

None of the two analytes showed any significant
peak (>20% of the LLOQ) in blank samples injected
after HQC samples.

Dilution integrity. The accuracy observed for one-
fifth or one-tenth dilution samples ranged from
87.8%-107.5% and 101.1%-111.0%% with RSD 9.8%, 3.8%
for 7-DHC, 91.0%-102.9% and 92.4%-101.9% with RSD
5.0%, 4.3% for CHOL. The results suggested that rean-
alysis of 7-DHC and CHOL in hair samples above the
calibration curve (4000 ng/mg for 7-DHC and
6000 ng/mg for CHOL) by appropriate dilution could
be fulfilled.

Stability. ~Stability results of 7-DHC and CHOL sug-
gested that no significant difference could be observed
at room temperature under dark conditions for 3 h for
QC samples. The spiked samples after three freeze and
thaw cycle, kept at —40°C for 30 days, and the processed
samples kept in the autosampler at 25°C for 24 h were
also stable. The data was shown in Table 1.

Fig.1. Syndactyly of the second and the third toes, clinical appearance of two suspected SLOS patients. SLOS, Smith-Lemli-Opitz

syndrome.
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Fig. 2. Representative GC-MS/MS chromatograms of 7-DHC (m/z 325, 351) and CHOL (m,/z 129, 329, 368). Results of blank sample
(A); spiked sample with 7-DHC (50 ng/mg, LLOQ) and CHOL (30 ng/mg, LLOQ) (B); sample from the one SLOS patient (C); arrow 1
refers to CHOL; arrow 2 refers to 7-DHC. 7-DHC, 7-dehydrocholesterol; CHOL, cholesterol; LLOQ, lower limit of quantification.

TABLE 1. Date of accuracy, inter-assay and intra-assay precision, recovery rate, and four kinds of stability (n = 5)

Compound 7-DHC CHOL

LLOQ LQC MQGC HQC LLOQ LQC MQC HQC
Level (ng/mg) 50 100 1200 3200 30 100 1800 4800
Intra-assay Accuracy (%) 103.0 91.7 100.0 97.1 95.9 915 111.8 92.6
RSD (%) 31 38 6.3 3.3 54 35 21 13
Inter-assay Accuracy (%) 102.0 92.5 105.3 99.6 96.2 92.9 107.7 97.8
RSD (%) 21 4.0 119 5.0 5.8 10.0 8.3 12.7
Recovery rate (%) / 80.9 811 92.3 / 934 93.1 95.6
Short-term stability (%) / 92.0 98.7 102.1 / 94.0 104.8 96.8
Postpreparative stability (%) / 925 102.8 96.1 / 975 105.8 889
Freeze-thaw stability (%) / 973 103.5 101.6 / 90.3 102.9 90.4
Long-term stability (%) / 93.1 106.1 102.3 / 91.2 108.7 99.8

n = 5 for intra-assay, recovery rate and four kinds of stability, n = 5 x 3 = 15 for inter-assay.
~ASBMB 7-DHC and CHOL in the diagnosis of SLOS 5



Application to real samples

As shown in Fig. 3, a certain concentration of 7-DHC
is found in healthy infants’ hair (concentration ranges,
mean value, 120.2-260.1, 1639 ng/mg, 120.6-288.8,
184.2 ng/mg, in the healthy female and male infants,
respectively). In addition, the analytical CHOL results
were 1960.5-3039.5, 24493 ng/mg, 21354-36221,
2866.2 ng/mg in the healthy female and male infants,
respectively. For hair samples of suspected patients, the
7-DHC concentration were 3769, 3217 ng/mg, with
CHOL levels at 1752.5, 1858.1 ng/mg, respectively.

DISCUSSION

Decontamination

According to the guidelines of Society of Hair
Testing (21), hair sample decontamination is an initial
washing step with an organic or aqueous solvent, to
remove contaminations and interference from sweat
(containing CHOL (25)), sebum, or dust. Protic solvents
(e.g, HoO, methanol) have been reported to cause
swelling of hair matrix and consequently lead to un-
wanted partial extraction during the washing step (21).
On the contrary, nonprotic solvents (e.g., dichloro-
methane, acetone) do not lead to the swelling of hair
and are believed to remove exogenous contaminants
from the surface of hair only (26).

In this study, the washing effects of three commonly
used solvents for hair decontamination were compared,
including methanol, water, and acetone. As shown in
supplemental Fig. S3, when methanol, a protic solvent,
was used, significantly more CHOL was washed off.
There was little amount of CHOL eluted when another
protic solvent, HoO was used. It might be due to the
difference in solubility (27). In addition, 7-DHC was not
detected in all three washing solvents.
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Fig. 3. Concentrations of hair 7-DHC and CHOL in seven fe

Children's hair is finer and more porous than adults’
and usually there are limited amount of hair available
for analysis (28, 29). Therefore, in order to avoid the
inevitable side effects of extraction caused by excessive
washing and retain the necessary effect of removing
polar metabolites by aqueous washing step, the wash
protocol of washing with HyO and acetone was chosen
in this study.

Hair amount

Another issue that should be considered is the
amount of hair sample required to perform the anal-
ysis. Several advantages are provided by low amounts
(e.g., 1 mg (20, 30, 31)) of hair for the analysis of high
concentration substance (28, 29): a) more friendly to
suspected infants and larger number of analysis can be
performed; b) the hair homogenization is time- and
labor-saving; and(c) less inevitable contaminants from
the samples are brought to the analytical instrument.
But in actual experiments, due to the insufficient pre-
cision (0.1 mg) of most commonly used analytical bal-
ance, it is difficult to accurately weigh aliquots of 1 mg
hair, and predictably, it is prone to cause unacceptable
deviations in the analysis results. To some extent, this
defect explains why the recommended minimum hair
sample weight was set to 10 mg in internationally
accepted guidelines (21). Besides, the selection of low
hair amounts compromises the method sensitivity and
reproducibility (32), which can be critical for 7-DHC
due to its low expected concentration in hair, espe-
cially for suspect infants with ambiguous biochemical
level.

Taking the above factors into consideration, 10 mg
hair was weighed and a one-tenth aliquot of the total
volume of alkaline digested sample was transferred to
subsequent analysis, to reach the final concentration of
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CHOL in infants' hair

male and seven male infants and two suspected patients. Statistical

results: ns, P> 0.05; *P < 0.05; **P < 0.01. 7-DHC, 7-dehydrocholesterol; CHOL, cholesterol.
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1 mg hair (23, 24, 33). Significantly lower RSDs were
obtained compared to weighing 1 mg hair directly after
the optimization.

Homogenization method

Sample shredding for whole hair by milling or
mincing and MPE have been adopted in previous
publications. The protocol of using whole hair is time-
saving and gets lower sample loss and lower risk of
contamination. But some studies suggested that prior
sample pretreatment can open up the hair matrix,
thereby improving extraction efficiency, sensitivity,
accuracy, and precision to a considerable extent
(32, 34, 35).

To the best of our knowledge, the influence of the
above hair homogenization methods on the analysis of
high-concentration endogenous components like
7-DHC and CHOL has not been discussed. In this study,
four commonly used hair pretreatments methods,
including using whole hair (original length, 2-3 cm),
mincing (cut by scissors, 1-2 mm), milling (1-2 mm hair
pulverized by Mix Mill), MPE (1-2 mm hair pulverized
by Bead Ruptor) were compared, and the results were
shown in supplemental Fig. S4.

The results indicated that the worst result was ach-
ieved by milling. This result might be explained by the
fact that the Mix Mill container is made of plastic and
probably shows a certain extraction effect for hair
samples (22). Moreover, due to the inevitable electro-
static interaction, hair loss would be caused after mill-
ing, which was even far more than the amount required
by analysis (23). No significant differences were found
among the other three strategies. Considering that MPE
has the dual effects of grinding and extraction, which
can significantly increase the analysis throughput
(16 min v.s. at least 40 min during the alkaline digestion
process of the other three methods), MPE was selected
as the homogenization method.

Conditions for the extraction of 7-DHC and CHOL
from hair

It is critical to choose appropriate extraction condi-
tion, including solvent, method, time, and temperature.
Some studies adopted immersion hair in organic sol-
vents or with the aid of ultrasonic extraction. Methanol
is a commonly used solvent for hair extraction, which
can dissolve neutral and lipophilic compounds. Meth-
anol was shown to be better than acetonitrile for the
extraction of hydroxybutyric (36). However, a mixed
solution containing 0.1 M trifluoroacetic acid (TFA) and
50% acetonitrile was reported to enhance the extraction
efficiency two times compared to methanol in steroid
analysis method (31). Moreover, alkaline digestion is
another recommended hair extraction strategy and was
reported to be one of the most efficient and convenient
sample preparation methods (27). Alkaline digestion at
70°C (close to the boiling point of ethanol) in water
bath, as reported in the plasma analysis method (37) was
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found to be the best hair dissolution temperature in our
preliminary experiment. However, whether KOH (used
in plasma methods related to SLOS diagnosis(3)) can be
replaced by NaOH (better solubility in aqu.) has not
been studied. Overnight soaking (38) and ultrasound
assisted extraction (17) adopted in previous hair
methods were also compared. Meanwhile, since
extraction can also be achieved by MPE, it was also
among the list of extraction strategies we compared, as
shown in supplemental Table SI.

Figure 4A, B show the effects of various combina-
tions of solvents and method on the exaction of 7-DHC
and CHOL, and the best extraction effect was achieved
by the combination of 90% KOH, MPE. The results
confirmed that MPE could improve the analytical
throughput while achieving a satisfactory hydrolysis
effect. Meanwhile, as long as the hair sample could be
fully dissolved, other regular hydrolysis conditions(e.g.,
at 65°C for 2 h) might also provide acceptable results,
which can be used as alternatives if MPE is not
available.

No significant advantages were observed in the
groups of overnight soaking, TFA and NaOH aqu,, as
shown in Fig. 4A, B. The unacceptable long time of
overnight soaking method can also greatly reduce the
throughput. So does the method using ultrasonic bath
(up to 16 h (17)), although the extraction effect was
improved to a certain extent with the aid of particle
size reduction and cell disruption provided by ultra-
sonic bath (38). Moreover, the inevitable rise in water
temperature might introduce uncertainties to the
stability of the analytes (39). In addition, due to the
extremely low solubility of CHOL and 7-DHC in wa-
ter, poor extraction results were observed in the
groups of NaOH aqueous and 0.1 M TFA and 50%
acetonitrile.

Nevertheless, a single solvent that effectively dis-
solves lipophilic substances was still insufficient. This
phenomenon was observed in Fig. 4. Compared to the
ethanol groups (without KOH), obviously less hair
fragments (visual inspection) and higher extraction
effect were observed in the KOH-containing groups,
which may be the consequence of sterol ester hydro-
lysis. The percentages of ethanol in KOH solution (70%,
80%, and 90%) were further compared. As shown in
Fig. 4C, D, the best performance was achieved by 1 M
KOH in 80% ethanol.

In terms of extraction methods, MPE achieved
better extraction effect in Fig. 4. This phenomenon
was attributed to MPE’s effective combination of
homogenization and  extraction, significantly
increasing the surface of contact between the solid
hair matrix and the extracting solvent, and promot-
ing extraction efficiency and a reduction of extrac-
tion time (36). So, compared to water bath incubation
(at least 70°C, 0.5 h to fully dissolve the hair), higher
analytes’ stability and throughput was achieved by
MPE (-30°C, 15 min).

7-DHC and CHOL in the diagnosis of SLOS 7
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The diameter of the ceramic beads, temperature,and  including <0.5 mm group (0.5 mm, 40 ea, and 0.1 mm,
running times of pulverization program were opti- 100 ea), mixed group (2 mm, 1 ea, 1.5 mm, 1 ea, 1 mm, 5
mized. Specifically, three groups were compared, ea, 0.5 mm, 20 ea, and 0.1 mm, 50 ea), and >1 mm group
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(2 mm, 2 ea, Lb mm, 2 ea, and 1 mm, 10 ea). The total
volume of ceramic beads in the above three groups was
controlled to be basically the same. As shown in
supplemental Fig. 5A, B, no obvious differences be-
tween the three ceramic bead groups have been
observed. The similar extraction results suggested that
under sufficient grinding conditions, the difference in
the diameter of ceramic beads would not significantly
affect the extraction effect of high-concentration
analytes. Some studies also suggested that freezing has
a positive effect on hair pulverization (39), that is to say,
it is friendly to thermally unstable analytes and reduces
the percentage of large particles. Therefore, although
increasing temperature can improve the extraction
effect to a certain extent, the best performance was still
observed at —30°C (supplemental Fig. 5C, D). Similarly,
due to the inevitable generation of heat, the analytes
were less stable in strong alkali at elevated temperature
(supplemental Fig. 5E, F), which also indicated that a
single MPE program run was sufficient.

In summary, the optimized conditions (mixed diam-
eter of the ceramic beads, —30°C, a single MPE program
run) would be effective and sufficient in properly MPE
for the analysis of 7-DHC and CHOL in hair.

Addition of antioxidant

7-DHC has been proven to be one of the most
oxidizable lipids which is prone to be oxidized during
sample preparation (16, 40-42). Without appropriate
protection, peroxidation products would appear and a
significant loss of 7-DHC can be inevitable (43), which
would then lead to the deviation of final analysis result
or even false diagnosis. To some extent, the undetect-
able results for 7-DHC in healthy mice hair could be
explained by the lack of antioxidant measures (17).
Moreover, since CHOL can also be oxidized to a
certain extent, the unacceptably high interlaboratory
variations for CHOL analysis result reported in a
previous study may be explained by the absence of
effective antioxidant measures and different oxida-
tion levels under various sample preparation condi-
tions (16).

It should be realized that an incorrect result, either
over- or under-estimation, will inevitably have a po-
tential impact on medical recommendations and de-
cisions regarding treatment (44). However, to the best
of our knowledge, no relevant countermeasure has
been adopted or discussed in published methods for the
analysis of 7-DHC and CHOL in hair.

BHT, a strong and widely-used antioxidant, was
applied to plasma and dried blood spot for SLOS or
other CHOL precursor-related studies (45, 46). TPP is
another lipophilic antioxidant, which can also signifi-
cantly reduce oxidation (47). Nevertheless, previous
studies suggested that the combination of BHT and TPP
would have a better antioxidant performance than only
one type of antioxidant in preventing loss of 7-DHC
(48). In this study, different concentrations of these
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two antioxidants were evaluated, which ranged from
the basic concentration (1 mg/ml BHT and 2.5 mg/ml
TPP in ethanol) used in previous studies conducted by
Liu et al. (48, 49), to its eight times (8 mg/ml BHT and
20 mg/ml TPP in ethanol), in order to find the most
suitable concentration level for hair samples.

As shown in Fig. 5, the peak area of 7-DHC achieved
the highest when using BHT and TPP combination at
the concentrations of 5 mg/ml and 125 mg/ml
respectively and then decreased gradually at higher
concentrations. A similar pattern was also observed for
CHOL. Our findings in this study also demonstrated the
necessity of antioxidant protection for 7-DHC and
CHOL.

Liquid-liquid extraction conditions

Three liquid-liquid extraction (LLE) reagents, n-hex
(50), n-pentane (n-pen) (51), and methyl tert-butyl
ether (52) that have been reported in some methods
for hair analysis were evaluated in this study
(supplemental Fig. 6A, B). Although methyl tert-butyl
ether could enhance the extraction efficiency, the
dividing line between the aqueous and organic phases
(the same for n-pen) and unacceptable signal-to-noise
ratio (approximately 90% reduction) were observed
compared to those extracted with n-hex. The differ-
ence in solubility of ethanol and interfering compo-
nents in hair can explain this phenomenon. In
addition, the high volatility of n-pen (b.p. 55°C) also
brought difficulties to the experiment’s operability
and reproducibility.

Furthermore, the number of extractions and volume
of n-hex were assessed and optimized. The effect of
repeating extraction twice was better than that of single
extraction and similar to the results of three extractions
(supplemental Fig. 6C, D). Meanwhile, higher peak area
was achieved by 900, 1000, and 1000 pl of n-hex
(supplemental Fig. 6F, F), therefore, the effects of above
three kinds of n-hex volume for one and two times
extraction were compared simultaneously. The similar
results indicated that there was no significant room for
improvement in LLE (supplemental Fig. 6G, H).
Considering green chemistry and throughput factors,
the optimal LLE strategy was chosen to be single
extraction using 900 pl of n-hex.

Method validation

For method validation, a blank hair matrix without
analytes must be prepared. But for endogenous sub-
stances, it seems impossible to find a blank hair without
any interference from endogenous substances (53).
Similar dilemmas also occurred with analysis of many
other endogenous substances in hair.

Six different blank hair preparation strategies for
endogenous compound quantification (surrogate ana-
lyte, standard addition, background correction, strip-
ped matrix, solvent calibration, and artificial matrix)
were compared by Voegel et al. (54) and Thakare ¢t al.
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(55). Surrogate analyte method always involves
expensive isotope-labeled standards, which would
greatly increase the diagnostic costs for the patients’
family (55). Both standard addition method and back-
ground correction require a large amount of hair
samples from suspected patients, which is not practical
for infants (54). As for solvent calibration strategy,
interfering substances from hair are completely ab-
sent. Artificial matrix method (e.g, melanin solution
(56)) can only slightly mirror the true endogenous
environment in hair. Some researchers also tried the
strategy of using the tips of long hair (another strategy
of stripped matrices (57)), expecting the decrease in
concentration after repeated washing and sun expo-
sure. However, we found it did not seem feasible for
endogenous substances at high concentrations, and
high levels of CHOL could still be detected in the hair.
Therefore, a developed stripped matrix strategy
was used in the present work. Although the prepara-
tion process would inevitably remove some interfer-
ence, it was already the most suitable method in our
opinion.

Moreover, the sensitivity of the proposed method is
significantly better than that of the published methods
(60 and 12 for the LOD of 7-DHC and CHOL, respec-
tively) (17, 20). The linear range was wider than pub-
lished methods and covered the reported level (17, 20)
meeting the standard set forth in the FDA (58) and
EMA (59) guidance for bioanalytical methods.
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Application

The analysis results in this study were slightly
higher than the published literature (20). The results
can be explained by the fact that, the recommended
sampling method (not mentioned in the previous pa-
pers (17, 18, 20)) and the concentration of endogenous
substances in different hair stages may vary greatly
(60). The advantages of optimized alkaline digestion
(27) and the protection from frozen pulverization
(39) and antioxidant( (16, 40-42)) might also contribute
to 1t.

It was found, the difference found in 7-DHC and
CHOL levels for healthy and SLOS patients was
obvious. However, only two suspected SLOS patients
were involved in this study. Generation of pediatric
reference intervals can be really difficult because of
the large numbers of participants (including multi-
ple factors such as gender, age, race, region (60), and
life style (61)) required to properly define the sta-
tistical boundaries (62). Moreover, the levels of 7-
DHC and CHOL in the hair of SLOS patients have
not been systematically studied on a large scale (a
limitation of this study, which is expected to be
improved in future research). Consequently, the
estimation of an accurate diagnostic threshold was
interrupted by a limited number of volunteer sam-
ples and was outside the scope of this preliminary
research. But it should theoretically be at least an
order of magnitude away from the level in healthy
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individuals’ hair as there is a correlation between
biochemical levels in hair and plasma (20), which can
be explained by the hypothesis of how substances in
blood are incorporated into hair (63). The present
method has been able to accurately quantify the
minimum levels of 7-DHC and CHOL in the hair of
healthy infants. Therefore, predictably, it may be
possible to identify SLOS patients from healthy
people by analyzing hair as with traditional samples
such as plasma.

CONCLUSION

A GC-MS analytical method was developed and
validated for the simultaneous determination of two
SLOS diagnostic biochemical indicators, 7-DHC and
CHOL in human hair. The figures of merit were in
good agreement with the guidelines of FDA (58) and
EMA (59), which fully demonstrated the method’s
feasibility. As more efficient extraction methods and
antioxidants protection were applied, the 7-DHC and
higher concentrations of CHOL in the hair of healthy
individuals were reported for the first time. This
research emphasizes the importance of detecting
7-DHC and CHOL in hair as diagnostic biomarkers for
SLOS, but due to the limited number of volunteers, it
still needs to be extended to a larger group of SLOS
patients for the establishment of the cut-off value for
SLOS diagnosis using human hair. Hair from other
parts of the human body and animals (healthy and
SLOS individuals) could also be investigated. This
innovation will also help explore many other diseases
related to CHOL metabolism.

As far as we know, this is the first pilot study
describing an analytical method for the simultaneous
determination of 7-DHC and CHOL in human hair. It is
expected that this research will fill the analytical gap
and to be a powerful tool for clinical diagnosis and
further research of SLOS.
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