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To administer vitamin C (VC) with precision to patients with the coronavirus disease (COVID-19),
we developed an ultra-high-performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS) method to assess plasma VC concentrations. 31 patients with COVID-19 and 51 healthy
volunteers were enrolled. VC stability was evaluated in blood, plasma, and precipitant-containing sta-
bilizers. A proportion of 7.7 % of VC was degraded in blood at room temperature (RT) (approximately
20-25 °C) at 1.5 h post administration with respect to the proportion degraded at 0.5 h, but without

5?32/;)1?2 statistical difference. VC was stable in plasma for 0.75 h at RT, 2 h at 4 °C, 5 days at —40 °C, and 4 h in
COVID-19 precipitant-containing stabilizer (2 % oxalic acid) at RT. The mean plasma concentration of VC in patients
UPLC-MS/MS with COVID-19 was 2.00 mg/L (0.5-4.90) (n = 8), which was almost 5-fold lower than that in healthy
Oxalic acid volunteers (9.23 mg/L (3.09. 35.30)) (n = 51). After high-dose VC treatment, the mean VC concentration
Stability increased to 13.46 mg/L (3.93.34.70) (n = 36), higher than that in healthy volunteers, and was within the

normal range (6-20 mg/L). In summary, we developed a simple UPLC-MS/MS method to quantify VC in
plasma, and determined the duration for which the sample remained stable. VC levels in patients with
COVID-19 were considerably low, and supplementation at 100 mg/kg/day is considered highly essential.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Vitamin C (VC), also known as ascorbic acid, is well known
for its high antioxidant activity [1], which helps protect the body
from oxidative damage and dysfunction. However, in critically
ill patients, VC requirements are considerably increased [2]. VC
levels are inversely proportional to the severity of the patient’s
condition [3]. Notably, VC has been shown to have potential ther-
apeutic effects on acute pancreatitis [1], lymphocytes [4], and
infectious diseases [5,6]. In particular, treatment with high doses
of VC helps combat infections [5,6], e.g., by reducing susceptibil-
ity to lower respiratory tract infections [5] and the duration of
colds [6]. A recently published small sample size study with 17
patients, suggested that the administration of intravenous (IV) VC
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might decrease inflammatory marker levels and be useful in the
treatment of patients with moderate to severe COVID-19 disease
[7]. In Wuhan, China, a high-dose of VC (24 g/day for 7 days) was
reported to be effective in the treatment of 308 critically ill patients
with COVID-19 [8] (NCT04264533; clincialtrials.gov). Similarly, in
Shanghai, China, high-dose IV VC was used in the treatment of
patients with moderate-to-severe COVID-19, and was shown to
be beneficial in terms of inflammatory response, and immune and
organ function enhancement, in patients with severe COVID-19
patients [9]. Although VC has been used in the treatment of patients
for several decades, and generally has low toxicity [10],intake of2 g
of VC per day increases human oxaluria and the risk of developing
kidney stones [11], and doses > 2 g may cause adverse gastroin-
testinal events, such as, abdominal pain, diarrhea, and/or nausea
[12]. Rare cases even reported that long-term, high-dose VC in
take could lead to oxalate nephropathy [13]. Unfortunately, acute
VC deficiency generally goes unnoticed because its symptoms are
similar to those of critical illnesses. In addition, plasma VC concen-
trations in patients with COVID-19 are usually unknown. Therefore,
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it is necessary to administer a suitable dose of VC in such patients
based on plasma concentration measures.

The first step in measuring drug concentrations is to develop
quantification methods. As at now, several methods, such as
high-performance liquid chromatography with electrochemical
detection [14,15] and LC-mass spectrometry (MS) [16], have been
developed. However, it is difficult to use these methods to ana-
lyze samples of patients with highly infectious diseases because of
the complex sample preparation processes involved; these include
requirements such as, placing on dry ice [14], and drying under
nitrogen [15].

In this study, we developed a simple ultra-high-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
method for the quantification of VC, taking into consideration its
stability, and controlling its circulation time in blood and plasma.
Oxalic acid, being one of the degradation products of ascorbic
acid, was used to stabilize it [17], as it inhibits the oxidation of
VC by reacting competitively with oxygen [18], and decreasing
the pH, thereby inhibiting VC degradation [19]. The developed
UPLC-MS/MS method was then used to quantify plasma VC concen-
trations in 31 patients with COVID-19 and 51 healthy volunteers.

2. Materials and methods
2.1. Study design and participants

This observational study included 31 COVID-19 patients (25
treated with VC and 6 not treated with VC), and 60 healthy vol-
unteers (51 for VC concentration measurement, 6 for blank plasma
obtention, and 3 for whole blood stability analyses). As this study
involved human participants, the study protocol was established
in accordance with the World Medical Association’s Declaration
of Helsinki, and was approved by the Ethics Committee of the
Shanghai Public Health Clinical Center, Fudan University, China
(Approval No. YJ-2020-S053—02). This study was also registered in
the Chinese Clinical Trial Registry (http://www.chictr.org.cn, NO:
ChiCTR2000035629, and ChiCTR2000032716).

All volunteers were aged 18 years or older, and signed writ-
ten consent to participate in the study. Patients with COVID-19
were administered IV VC at a dose of 100 mg/kg/day. Plasma
VC concentrations were measured before dosing, and 5-15 days
after dosing. One to three fasting blood samples (2 mL in ethy-
lene diamine tetraacetic acid-containing tubes) were collected
from each volunteer. Liver function parameters (including alanine
aminotransferase [ALT] and aspartate aminotransferase [AST]),
and renal function parameters (such as creatinine and estimated
glomerular filtration rate [eGFR]) were determined using general
biochemical methods.

2.2. Plasma VC concentration measurement

2.2.1. Chemicals and reagents

VC was purchased from Laboratory of the Government Chemist
(Augsburg, Germany), and VC-d6 (internal standard [IS]) was
purchased from Shandong Yingsheng Biology Co., Ltd. (Jinan, Shan-
dong, China). Anhydrous oxalic acid was purchased from Aladdin
Biochemical Technology (Shanghai, China). Methanol (MeOH) and
acetonitrile (ACN) were purchased from ANPEL Laboratory Tech-
nologies (Shanghai, China). Ultra-pure water was prepared using a
Milli-Q system (Millipore, Bedford, MA, USA). All chemicals were
of analytical or LC-MS grade.

2.2.2. Blank plasma

Plasma samples from six healthy volunteers (20 mL of whole
blood for each) were kept at room temperature (RT) (approximately
20-25 °C) for approximately 12 h; then they were stored at -40
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°C for at least one month and freeze-thawed at least three times.
Then, 50 pL of the plasma was pipetted and treated according to
the sample preparationiethod to detect the presence of VC. Plasma
samples with undetectable VC were used as blank matrices in the
subsequent analyses.

2.2.3. Standard solution

The working solutions of VC were diluted with 2% oxalic acid
(weight (W)/ volume (V)) to obtain standard solutions of 500, 250,
100, 40, 20, and 10 mg/L, and quality control (QC) solutions of 400,
200, 80, 15, and 10 mg/L. Then, the working solutions were spiked
into blank plasma samples with a dilution factor of 10. All work-
ing solutions were stored at 4 °C for < 10 days. The spiked plasma
samples were stored at —40 °C for < 5 days.

2.2.4. The UPLC-MS/MS system

VC concentrations were analyzed using an ultra-high-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS system), made up of a Waters Acquity UPLC (Waters
Corporation, Milford, USA) and an AB Sciex Triple Quad 5500 MS
(AB SCIEX company, Boston, USA). The chromatographic column
was a Kinetex® 2.6 wm Phenyl-Hexyl column 100 A (50 mm x 3.0
mm) (Phenomenex Company, USA). Chromatographic separation
was carried out using a mobile phase composed of 0.08 % (W/V)
oxalic acid (A), and a methanol solution containing 0.008 % (W/V)
oxalic acid (B). Gradient elution was employed with the following
variations: 0-1 m in. 2 % phase B, at a flow rate of 0.1 mL/min;
1.2-1.8 m in. From 10 %-80 % phase B, 0.5 mL/min; 2.0-2.3 m in.
From 80 %-95 % phase B, 0.5 mL/min; 2.5-2.51 m in. From 95 %
to 2 % phase B, 0.4 mL/min; and 2.51-3.50 m in. 2% phase B, 0.4
mL/min. The analytes were quantified using multiple reaction
monitoring transitions under positive ion mode with ion pairs
of m/z 177.0/141.0 and 183.1/100.0 for VC and IS, respectively.
A sample volume of 10 L was injected into the UPLC-MS/MS
system. The samples were stored at 4 °C prior to injection.

2.2.5. Method validation

This method was validated according to the guidelines of the
Food and Drug Administration [20], by assessing linearity, selec-
tivity, lower limit of quantitation (LLOQ), precision and accuracy,
matrix effect, extraction recovery, and stability.

In this study, we focused on the stability of VC in different matri-
ces, including whole blood, plasma, and precipitant-containing
stabilizers. To assess stability in whole blood, three healthy volun-
teers were enrolled. For each individual, 3 mL of blood (3 mL/tube)
were collected into 2 K;EDTA tubes and placed separately at RT for
30 min, 1.5 h,2 h,3 h, and 4 h. At each time point, six blood aliquots
(n =3 individuals x 2 samples/individual) (approximately 200 L)
were separated and plasma was obtained (50 wL). To determine
the stability of VC in plasma, blank plasma samples (without VC)
spiked with low and high concentrations of QC solutions (high QC
(HQC) and low QC (LQC)) were used. The 2 types of plasma samples
spiked with QC solutions were kept at RT for 0.75, 1.5, or 3 h; at 4
°Cfor2 or4h; at —40°Cfor 3, 5, or 8 days; or freeze-thawed thrice
at —40 °C within 12 h. Furthermore, we evaluated the stability of
VC by adding the precipitant containing 2 % oxalic acid (stabilizer)
to the HQC and LQC samples, and stored them at RT for 2 or 4 h,
or at —40 °C for 3 or 5 days. In addition, we determined the 24 h
stability under autosampler settings (4 °C).

2.2.6. Clinical sample preparation and detection

Blood samples were processed for VC detection within 30 min
after collection, at RT. First, the samples were centrifuged. After the
blood was centrifuged for 10 min, plasma was collected. Within 45
min, the plasma (50 pL) was precipitated with 150 L of organic
solution (ACN-MeOH-2 % oxalic acid (containing 250 pg/L of IS)
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Table 1

Participant characteristics.
Items Sex, male% Age,y Weight, kg Dose, g #Concentration, mg/L “Days, d AST, U/L ALT, U/L Cr, wmol/L eGFR, mL/min
Patients treated with VC (n = 25)
Average 68 39.00 68.42 5.99 13.46 (n=36) 7.03 32.83 4391 63.68 127.72
SD 14.56 14.89 1.35 8.32 2.66 33.33 35.10 16.32 30.12
Min 19.00 43.00 2.00 3.93 5.00 7.00 6.00 44.20 58.54
Max 75.00 100.00 10.00 34.70 15.00 106.00 118.00 112.38 215.49
Median 38.00 69.00 5.00 10.80 6.00 22.50 32.00 64.53 128.32
Patients treated without VC (n = 6)
Average 75 35.63 75.06 2.00(n=8) 23.71 4471 75.43 105.47
SD 8.52 13.82 2.08 4.79 19.91 10.64 8.79
Min 22.00 50.00 0.5 (BQL) 7.00 13.00 45.96 89.98
Max 44.00 98.50 4.90 30.00 69.00 85.59 140.31
Median 38.00 98.50 0.5 (BQL) 24.00 46.00 78.06 106.37
Healthy (n =51)
Average 0 31.42 56.88 9.23 17.82 13.54 53.43 126.10
SD 6.61 5.61 5.11 3.86 7.22 7.01 19.77
Min 21.00 46.80 3.09 10.00 6.00 37.98 78.54
Max 44.00 68.40 35.30 28.00 43.00 75.31 191.95
Median 31.00 55.50 8.01 12.00 17.50 52.21 128.45

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomerular filtration rate; Cr, creatinine; VC, vitamin C.

" the days from first dosing to blood withdrawal.
# BQL represents below quantifiable limit, and was recorded as 1/2 LLOQ.

in the ratio 45: 45: 10, V: V: V). If plasma could not be processed
immediately, it was stored at —40 °C for < 5 days. After centrifuga-
tion at 4 °C for 10 min, the supernatant was stored at —40 °C for <
5 days or directly diluted within 4 h with 0.01 % oxalic acid, with a
dilution factor of 5. Finally, 10 L was injected into the LC-MS/MS
system.

2.3. Statistical analysis

Data are represented as means and standard deviations, or scat-
ter plots showing median values. Plasma VC concentrations below
the quantifiable limit were recorded as 1/2 LLOQ [21]. Concern-
ing the VC stability data, the 15th and 85th percentiles were used
as accuracy boundaries, based on the theoretical value. GraphPad
Prism version 5 was used to compare plasma VC concentrations.
A two-tailed nonparametric t-test was used to calculate P values.
The correlation between VC concentrations and the covariates (age,
weight, ALT, AST, and CR levels, and eGFR) was also evaluated using
GraphPad Prism version 5. Values of P < 0.05 were considered as
statistically significant.

3. Results
3.1. Patient characteristics and clinical samples

For this study, 31 COVID-19 patients (25 treated with VC and
6 not treated with VC) and 51 healthy volunteers were recruited
from the Shanghai Public Health Clinical Center. The demographic
and clinical characteristics of all patients are shown in Table 1.

Statistical differences were observed between patients with
COVID-19 (treated with or without VC) and healthy volunteers
in terms of age (Fig. 1A), weight (Fig. 1B), ALT (Fig. 1C), AST
(Fig. 1D), and creatinine (Fig. 1E) levels, eGFR (Fig. 1F), and VC
concentrations (Fig. 1G). Except for age and weight, all parameters
differed between the healthy individuals and patients, as all healthy
volunteers were female and younger. However, the other three
parameters (ALT, AST, and creatinine levels) might have differed
between these groups due to the disease. No significant difference
in eGFR was observed.

Concerning the 25 patients treated with VC, 2 samples were col-
lected before dosing, and 36 samples were collected at trough time
points within 5-15 days of dosing. For patients who were not or not
yeton VCtherapy, and healthy volunteers, only one sample was col-

lected; whereas, after dosing, 1-3 samples were collected. In total,
36, 8, and 51 samples were collected from the group receiving VC,
group not receiving VC or before dosing, and the healthy group,
respectively.

3.2. Quantification of VC by UPLC-MS/MS

3.2.1. UPLC-MS/MS method development

A UPLC-MS/MS method was established for the determination
of the concentration of VC in plasma. The ion pairs of VC and IS (VC-
d6) were detected at m/z177.0/141.0 and 183.1/100.0, respectively
(Fig. S1). For VC, a standard curve with linearity was established in
the range of 1-50 mg/L, and the LLOQ was determined to be 1 mg/L.

3.2.2. UPLC-MS/MS method validation

Enough blank plasma samples were prepared according to the
instability character of VC through placing at RT, long term freeze,
and freeze-thaw cycles. No VC peak was detected for any of the six
plasma samples (Fig. S2). Typical chromatograms of blank plasma,
blank plasma spiked with VC concentrations of LLOQ and its IS,
and clinical samples are shown in Fig. S3. The compounds (VC and
VC-d6) were eluted at 1.5 min.

The intra-day and inter-day precisions of VC (at the spiked con-
centrations of 1, 1.5, 8, 20, and 40 mg/L) were less than 4.47 % and
8.18 %, respectively, and the deviations of accuracy were within +
15 % (Table S1). The matrix effects (MEs) and extraction recoveries
(ERs) atlow (1.5 mg/L) and high (40 mg/L) concentrations (LQC and
HQC solutions) were 112.76 % and 84.64 %, and 86.26 % and 86.36
%, respectively.

3.2.3. Stability of VC

VC has high reducibility and is easily oxidized; therefore, in this
study, we paid particular attention to its stability during the pro-
cesses of sample treatment and analysis. To this end, oxalic acid
(2%) was added to the analyte and IS working solutions during the
sample preparation process. Our results showed that the working
solutions were stable at 4 °C for 10 days (data not shown). The IS in
precipitant could only be stable for 3 days under the experimental
conditions (4 °C or RT).

To evaluate the stability of VC in blood, we collected 6 blood
samples (two tubes / individual) from three healthy volunteers and
stored them at RT for 0.5, 1.5, 2, 3, or 4 h. At each time point, the
blood was centrifuged at 4 °C for 10 min to obtain plasma. As shown
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Fig. 1. Statistical difference between patients with coronavirus disease-2019 (COVID-19) (with or without VC treatment) and healthy volunteers. A, for age; B, weight; C,
ALT; D, AST; E, creatinine level; F, eGFR, and G, VC concentration. VC, Vitamin C; ns, no significant difference; ALT, alanine aminotransferase; AST, aspartate aminotransferase;

eGFR, estimated glomerular filtration rate; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Table 2
Stability of VC in whole blood under room temperature (about 20-25°C), n=6.
Time Concentration (mg/L) Standard deviation Fold-degradation (compared with 0.5 h) P value (compared with 0.5 h)
05h 12.07 1.16 NA NA
15h 11.14 1.47 7.7 NS
2h 10.52 1.84 12.8 NS
3h 7.05 237 41.6 0.0009
4h 5.01 3.02 58.5 0.0003

NS: no significant difference. NA: not applicable.

in Table 2 and Fig. 2, VC plasma concentrations decreased by 7.7 %,
12.8%,41.6 % (P<0.001),and 58.5% (P<0.001)at 1.5,2,3,and 4 h,
respectively, with respect to the concentrations at 0.5 h. Although
no significant differences in concentration were observed at 1.5 and
2 h,aloss of 16 % and 25 % was noted in the samples collected from
volunteer number 3 at these time points with respect to the con-
centration at 0.5 h (Fig. 2). Therefore, in this study, blood samples
were centrifuged within 30 min of collection.

For the determination of the stability of VC in plasma and pre-
cipitant under different conditions, spiked LQC (1.5 mg/L) and HQC
(40 mg/L) samples were used. As shown in Table 3 and Fig. 3, VC
was stable in plasma for 0.75 h at RT, 2 h at 4 °C, and for 5 days at
—40 °C. After precipitation with an organic solvent containing the
stabilizer, VC was stable for 4 h at RT, 5 days at —40 °C, and 24 h in
the sampler. It was also stable after three freeze-thaw cycles within
12 h.

3.3. Quantification of clinical samples

The verified UPLC-MS/MS method was used to quantify VC
concentrations in healthy volunteers (n = 51) and patients with

COVID-19 (n = 31), among whom 6 and 25 were treated without
and with VC, respectively. The mean plasma VC concentrations of
8 samples (i.e., 6 obtained from patients not treated with VC and 2
obtained before dosing) were 2.00 mg/L (0.5-4.90). Concentrations
of VC in patients were almost 5-fold lower than in healthy volun-
teers, with amean VC concentration 0f9.23 mg/L(3.09—-35.30.)(n=
51). After the administration of VC, the mean plasma concentration
increased to 13.46 mg/L (3.93-34.70) (n = 36), which was similar
to that in the healthy volunteer group (Table 1 and Fig. 1G).

4. Discussion

VC is an essential vitamin involved in many biochemical func-
tions [22]. To maintain the optimal physiological levels of VC, the
recommended daily intake is 200 mg/day, which can be obtained
from normal diet, resulting in a steady-state concentration of 70-85
pmol/L (12.33-14.98 mg/L) [22,23]. A population study demon-
strated that the optimal plasma VC concentration is 40 pmol/L [24].
In epidemiological studies, plasma VC concentrations less than 11.4
WM (2.00 mg/L) indicated VC deficiency [25,26]. Based on this value,
more than 7 % of the population (> 20 million people) in the USA
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Table 3
Stability of VC in plasma and precipitant under various storage conditions (n = 6).
Matrix Storage conditions Time Concentration (mg/L) Precision Accuracy
Spiked Measured (%) (%)
075 h 1.5 1.32 3.67 88.17
75 40 44.13 3.59 1103
1.5 1.13 6.15 75.17
Room temperature (RT) 15h 40 389 534 9731
3h 1.5 1.02 10.04 67.82
40 32.63 6.95 81.6
h 1.5 1.32 8.09 88.1
Plasma . 2 40 40.53 5.41 10131
ah 1.5 1.2 5.85 79.67
40 36.78 6.99 91.92
1.5 1.37 1.92 91.33
3d 40 38.15 2.57 95.36
1.5 1.49 6.88 99.69
—40°C 5d 40 41.82 7.62 104.62
sd 1.5 0.87 412 58.23
40 34.77 4.17 86.94
h 1.5 1.53 4.23 101.93
o 2 40 39.12 212 97.76
ah 1.5 1.44 3.46 95.74
Precipitant 40 38.08 2.16 95.23
recipt d 15 1.57 2.07 104.95
Long term (-40°C) 3 40 42.85 7.49 107.18
ons te 54 15 1.63 3.81 108.48
40 39.17 2.86 97.9
1.5 1.63 432 108.48
Autosampler Autosampler (4°C) 24 h 40 44.47 332 11117
L 1.5 1.35 323 89.91
Plasma Three-freeze-thaw cycles 40 4315 134 107.82
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Fig. 2. Stability of vitamin C in blood at room temperature. 8
Human venous blood was collected from three healthy volunteers; samples were 05
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[25], 25-46 % of the low-income population in the UK [27], and
smokers [28,29] are deficient in VC. Approximately one-third of
patients with shock have a VC concentration of less than 11 pmol/L
[3]. Similarly, the plasma VC concentrations in 80 % of patients with
leukemia (n = 123) was reported to be below 2 mg/L (11 wmol/L),
with only 12 patients having VC concentrations above 4 mg/L [30].
VC deficiency can influence human disease progression. Similarly,
a disease can also cause VC deficiency. Therefore, it is necessary to
supplement patients with VC. There have been reports of high-dose
administration of VC in patients with COVID-19 [8,9]. However,

Plasma Precipitant

Fig. 3. Stability of VC in plasma and precipitant under various storage conditions.
HQC (n =6) and LQC (n = 6) were used. The accuracy of 85 %-115 % was highlighted
with red dotted lines. VC, vitamin C; HQC, high-concentration quality control; LQC,
low-concentration quality control; RT, room temperature; *, time for which VC was
stable.

there are no data on plasma VC levels of patients with COVID-19.
For this reason, we developed a rapid, sensitive, and specific UPLC-
MS/MS method. To the best of our knowledge, our study is the first
to report on VC concentrations in COVID-19 patients.
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In this study, we focused on the stability of VC in whole blood,
plasma, and precipitant. First, we assessed the stability of VC in the
blood. As reported in a study by Karlsen [31], the highest VC lev-
els were observed in heparin and EDTA plasma, with no significant
difference after blood was placed at RT for 30 min. In this study, we
used K,EDTA as an anticoagulant, and blood was placed at RT for
0.5,1.5,2,3,and 4 h. Asignificant increase in the degradation of VC
was observed between 30 min to 1.5 h. Blood sample collection and
centrifugation take less than 30 min in clinical practice. Our stabil-
ity analysis results were similar to those reported in the study by
Karlsen [31], where VC degradation was rapid between 30 min-90
min. Therefore, plasma needs to be separated from whole blood as
soon as possible. In this study, plasma was separated within 30 min
of blood sample collection. Furthermore, because of the instability
of VC, it is very important to select a suitable stabilizer in plasma
and precipitants. However, There are some methods used to sta-
bilize VC, for example, placing blood in ice and treating it with a
solution of methanol/EDTA [14,32]. However, they are difficult to
employ for infectious samples because ice is usually not available
in BSL-3 or isolation wards. Furthermore, there are several stud-
ies in which metaphosphoric acid [31,33] was used to stabilize VC;
however, metaphosphoric acid must be added to the plasma sam-
ple separately from an organic solution because it is insoluble in
organic solutions. Therefore, metaphosphoric acid was not suitable
for this study. In addition, trichloroacetic acid [34] or perchloric
acid [35] was also used to stabilize VC, but sample processing was
complicated (placing on ice) and time-consuming (even up to 2
h) [34]. In this study, we chose 2% oxalic acid for the stabilization
of VC because it is a degradation product of VC [17], and can pre-
vent the oxidation of VC by reacting competitively with oxygen
[18]. Furthermore, oxalic acid can inhibit the degradation of VC by
decreasing the pH [19]. Moreover, it is soluble in organic solvents.
To ensure the stability of VC, we comprehensively evaluated its sta-
bility in plasma at different temperature conditions, and found it
to be stable in plasma for 0.75 h at RT, 2 h at 4 °C, and 5 days at —40
°C, as well as after three freeze-thaw cycles within 12 h. We also
analyzed VC stability in a precipitant (organic solvent containing 2
% oxalic acid) and found that it could be stable for 4 h at RT, 5 days at
—40 °C, and 24 h in an autosampler. In summary, in this study, we
determined the stability of VC in plasma from blood sample collec-
tion to MS detection, and successfully measured VC concentrations
in patients with COVID-19.

After ensuring the stability of VC, we successfully developed a
simple UPLC-MS method for the measurement of plasma VC con-
centrations. This method showed a good linear relationship within
the range of 1-50 mg/L, with intra-day and inter-day precision,
accuracy, ME, and ER meeting FDA guideline recommendations.
Compared to previous methods [14,15,32], the method used in this
study was simple and more suitable for clinical applications. For
example, in previous studies, blood was placed on dry ice [14,32],
and the solution was dried under nitrogen after extraction [15].
However, in this study, blood samples were collected, and plasma
obtained within 30 min of blood collection at RT, followed by pro-
tein precipitation with an organic solution containing the IS. The
supernatant was then diluted and loaded in to the mass spectrom-
eter.

The validated method was used to quantify plasma VC, and its
concentrations in COVID-19 patients were significantly lower than
those in healthy volunteers. After receiving a high dose of VC, VC
concentrations in patients significantly increased. Furthermore, in
this study, we observed that plasma VC concentrations in patients
with COVID-19 were similar to in other patients, with concen-
trations lower than 11 pmol/L (2.00 mg/L) [3,30]. These results
suggest the benefits of a therapeutic protocol with high-dose IV
VC in patients with COVID-19 [7,9].
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This study had two main limitations. First, only healthy female
volunteers were enrolled, to eliminate the effect of smoking on
VC concentrations (with a 50 % decrease in smokers compared to
non-smokers) [28,29]. In China, smoking is more common in males
(more than 50 %) than in females (less than 2.1 %). Furthermore,
no significant differences in plasma VC concentrations have been
reported between the male and female populations. Moreover, the
main aims of this study were to develop an LC-MS method to mea-
sure VC concentrations in plasma, and to determine the necessity
of high-dose VC therapy in patients with COVID-19 (non-smokers
in our ward). Despite these reasons, it would still have been more
appropriate to include some non-smoking males. Second, this was
an observational study involving only 31 COVID-19 patients, rather
than a multicenter randomized controlled trial. Therefore, these
data, along with their clinical significance, need to be further vali-
dated in larger cohorts.

5. Conclusions

In this study, we developed an UPLC-MS/MS method to quan-
tify plasma VC in patients with COVID-19. Our results showed that
patients with COVID-19 had significant VC deficiency. Hence, it is
essential to supplement such patients with VC. This study provided
data to further support the use of high-dose VC therapy in patients
with COVID-19.
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