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ABSTRACT
A rapid and sensitive high-performance liquid chromatography (HPLC) method for vitamin C (Vc)
determination was developed in hemoglobin-based oxygen carriers (HBOCs) solution. After
polymerized hemoglobin precipitation, Vc could be tested out within 5 min. The standard curve
was linear in Vc quantity of 0.00–3.00 mg. Vc recovery was 103.56–108.68%, and relative standard
deviation values of the repeatability and precision were below 1.00%. The limits of detection and
limits of quantification were 0.002 ppm and 0.01 ppm, respectively. Furthermore, the application of
established HPLC methods in methemoglobin reduction by Vc under different pH indicated that
higher pH values could accelerate the reduction. This study suggested the potential application of
established HPLC method in HBOCs research and development.
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Introduction

Hemoglobin-based oxygen carriers (HBOCs) have attracted

more and more attentions during the past decades due to their

great potential applications in many areas such as blood

substitutes (Roche et al. 2015, Song et al. 2014), oxygen

therapeutics (Buehler et al. 2008, Hai 2012), isolated organ

protection (Wu et al. 2011) and so on. Usually, the hemoglobin

was chemically or genetically modified to form complex

molecules with designed functions to enhance their oxygen

affinity or safety properties (Wang et al. 2014). After extracted

from the red blood cells, the cell-free hemoglobin was

subjected to be oxidized because of the absence of protective

reductase system, including superoxide dismutase, catalase,

methemoglobin (MetHb) reductase and so on. The oxidation of

hemoglobin not only cause the accumulation of non-functional

MetHb but also leads to the formation of superoxide iron,

peroxide and other free radicals, which have become one of the

main obstacles in the research and development of HBOCs

(Winslow 2013).

To inhibit the uncontrolled oxidation process of HBOCs,

administration of certain bioactive compounds with antiox-

idation functions were proved to be effective for the HBOCs

protection (Chen et al. 2013, Dorman et al. 2002). Ascorbates

are a group of antioxidants have been proved important for

physiological status. Vitamin C of this class has displayed the

distinct efficiency in oxidation prohibition and MetHb reduc-

tion in HBOCs solution under the physiological pH value

conditions (Chen et al. 2013). Numerous studies have

showed that the Vc is associated with many physiological

effects such as antioxidant activities, free radical scavenging,

nutritional roles and so on (Harrington et al. 2010).

Therefore, the beneficial effects of Vc on human health

would certainly enhance its safety to be antioxidant for

HBOCs protection.

In the previous work, Vc has showed notable antioxidant

effects on HBOCs solution and was considered to be potentially

applicable in HBOCs research and development (Chen et al.

2013). For ensuring the safe dose and quality control, it is

necessary to build a method for Vc content determination in

HBOCs solution. Although an effective molybdenum blue

method was proved to be effective for Vc detection in our

previous work (Chen et al. 2015), a faster method with more

sensitivity is still needed for the Vc content monitor in the

further deeply research work.

The high-performance liquid chromatography (HPLC)

method is now commonly adopted in chemical analysis and

has a series of advantages regarding specificity, easy operation

and high sensitivity, which are suitable for Vc detection in

HBOCs solution. In this work, a rapid HPLC method with a C18

stationary phase was presented for reduced Vc testing in the

acidic mobile phase, which is helpful for the Vc stability and

hemoglobin isolation before Vc testing. In addition, the method

was further applied in the chemical reaction dynamic process

of MetHb reduction by Vc under different pH value to evaluate

its applicability in the future research work especially about the

pharmacokinetic studies.
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Experimental

Equipments

A Waters e2695 HPLC with a Waters 2489 UV-detector (WATERS

company, USA) was used. The software of WATERS-Empower

(WATERS company, USA) was adopted for the data acquisition.

Chromatographic separation was carried by using a Chromstar

Aq-C18 column (250� 4.6 mm, 5 mm) (Swell company, Chengdu,

China). Samples and standard solutions were chromatographed

at the temperature of 25.0 ± 2.0 �C. The mixture solution of 0.2%

(w/v) metaphosphoric acid/methanol/acetonitrile (90:8:2, v/v/v)

was used as mobile phase with the flow rate of 1.0 ml/min. The

wavelength of UV-detection was 245 nm.

Chemicals

The raw cord blood was kindly obtained from Stem Cell Bank of

Sichuan Province. HBOCs solution used in this study was

prepared through the crosslinking reactions between ultra-

purified hemoglobin and glutaraldehyde, which was estab-

lished method before (Li et al. 2009).

Methanol and acetonitrile were chromatographic grades

were purchased from Merck (Kenilworth, NJ) and the prepared

mobile phase for chromatographic separation was filtered by

cellulose acetate membrane (0.45 mm) before used. Vc standard

were purchased from National Standard Reference Material

Centre in China. Other reagents were analytical grade and used

without further purification.

Pretreatment of samples

Before chromatographic analyzed for reduced Vc contents,

the polymerized hemoglobin should be isolated from the

sample solution in advance for its interference effects on the

Vc testing and the acidic mobile phase solution was used as

the precipitation solution. Therefore, the addition amounts of

precipitation solution should be investigated to ensure the

full precipitation of polymerized hemoglobin in the sample

solution. In this study, X ml HBOCs sample solutions (with

concentration of 3.0%, w/v) and Y ml acidic mobile phased

solutions were mixed in the Eppendorf tubes (with labeled

volume of 2 ml) and the series of mixture solutions were

listed in the Table I. The pretreated mixture solution was

then centrifuged at 4500 g for 5 min at 4.0 ± 1.0 �C in the

centrifuge of Biofuge Stratos and the supernatant was

collected and filtered through the hydrophilic filter mem-

brane with 0.45 mm. Then, with the mobile phase solution as

blank, the absorption values of filtered solutions at the

wavelength of 652 nm (A652) were tested on a UV

detector of Professional 6300. Lower A652 values mean

the more effective precipitation of the polymerized

hemoglobin.

Reduced Vc assay validation

The method validation was carried out through experiments of

linearity, precision, repeatability, limits of quantification (LOQ),

limits of detection (LOD) and stability, through which the

suitability and reliability of this method could be evaluated.

Linearity of standard curve

For the preparation of 500 ppm stock solution, 0.0250 ± 0.0010

g Vc standard was weighed precisely and dissolved in 50 ml

mobile phase solution. Then, the aliquots of prepared stock

solution were diluted to a series of working standard solutions

with required concentration range from 0.0 to 100.0 ppm,

which were prepared in replicates of two.

After filtered by cellulose acetate membrane (0.45 mm), 30 ml

working standard solutions were injected into the HPLC unit

under the chromatography condition described in the

‘‘Equipments’’ section. The standard curve was constructed by

plotting the peak area against the Vc concentrations. The least-

square linear regression of the results data was employed to

analyze the linearity of a standard curve by the coefficient of

linear correlation (R value).

Repeatability, precision, stability and recovery

Vc working solutions with a certain concentration of 0.5, 5 and

50 ppm were employed for the validation experiments,

including repeatability, precision, stability and recovery.

Repeatability was calculated from chromatography to analyze

results of six freshly prepared Vc standard solution diluted from

the stock solution, respectively. Precision was determined by

analyzing each calibration sample for six times. Repeatability

and precision both were evaluated by the relative standard

deviation (RSD).

The experiment of stability was carried out by investigating

the chromatography analysis results in change from the same

calibration sample stored at 4.0 ± 1.0 �C with duration of 10 h.

Recovery was determined by a comparison between the

designed concentration of standard Vc added to samples and

those measured from the chromatographic analysis. It should

be pointed out that the standard Vc can only be added into the

supernatant after centrifugation due to the reaction between

the reduced Vc and HBOCs solutions. Recovery was calculated

as the measured value/resigned value�100.

Limits of detection and quantification

The sensitivity of the developed method was evaluated by the

LOD and LOQ, which were determined by gradient dilution of

standard Vc solutions for obtaining signal/noise ratios of about

3:1 and 10:1, respectively.

Preparation of HBOCs and methemoglobin reduction
by Vc under different pH values

The HBOCs solution was prepared through purified cord

hemoglobin polymerized by glutaraldehyde as described

previously (Zhou et al. 2013). The prepared HBOCs solution

was exposed in the aerobic condition at 25 �C to form MetHb

Table I. The series of pretreated mixture solutions for the
hemoglobin precipitation.

X (ml) 1.0 0.8 0.6 0.4 0.2
Y (ml) 1.0 1.2 1.4 1.6 1.8
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until the MetHb content rises up to 40% above. Then, the pH of

MetHb solution was adjusted to the expected value and Vc was

added to start the reduction reaction for the duration of 10 h in

the anaerobic condition at 15 �C. The conversion process of

MetHb to ferrous hemoglobin was monitored by multi-wave

method (Wang et al. 2015) on a UV detector of Professional

6300. The Vc concentration in HBOCs solution was also termly

determined by the validated HPLC method in this study.

For the reaction process of Vc contents decreasing, the rate

constant k is certainly a negative number. Thus, k was adapted

to illustrate the rate of reaction. The kinetic parameters of Vc in

the HBOCs solutions with different pH values were calculated

by the Mathematica software (Wolfram Research, Britain). The

larger the k value, the more rapid the reaction. In addition, T1/2

was defined as the time of the half concentration of Vc in

HBOCs solution during the reaction process. The kinetic

parameters of k and T1/2 were used to illustrate the reaction

rate in this study.

Results

Pretreatment of HBOCs samples

The HBOCs sample solutions were pretreated by a series volume

of acidic mobile phase solutions to precipitate the polymerized

hemoglobin. After centrifuged at 4500 g for 5 min at 4.0 ± 1.0 �C,

the supernatants were collected and the results of absorbance at

a wavelength of 652 nm (A652) were shown in Figure 1. It can be

seen that the A652 values were dramatically decreased as the

volume ratio (Vmp:Vs) increased, indicating more effective

precipitation by more addition amount of acidic mobile phase

solution. When the volume ratio (Vmp:Vs) increased to 9, the

A652 value of the collected supernatant was about 0.008, which

could be considered almost the same with the blank solution.

Thus, it could be concluded that the polymerized hemoglobin

could be completely precipitated by the acidic mobile phase

solution with the volume ratio (Vmp:Vs) of 9.

Linearity of standard curve

After preparation of a series of standard Vc solution with a

different concentration (0–100 ppm) solution, 30 ml sample

solution were administered (equal to 0.00–3.00 mg Vc quantity).

The retention time of Vc was about 4.0 min and the peak could

be remarkably presented (seen in Figure 2). The standard curve

of Vc could be obtained by running analysis standard samples

and the results were illustrated in Figure 3. The coefficient of

correlation was 0.9998, indicating the good linearity between

the A652 and the amounts of Vc in sample solutions.

Repeatability, precision, stability and recovery

The validation of this HPLC method for Vc determination

include repeatability, precision, stability and recovery were

carried out through analysis of prepared Vc standard solution

by plotting the peak area (Sp) against the Vc concentrations

(CVc). Three samples with a concentration of 0.5, 5 and 50 ppm

were prepared and then analyzed by the established methods.
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Figure 2. The HPLC chromatograms of the standard Vc with a concentration of 5 ppm.

Figure 1. A652 values of the supernatant with a different volume ratio between
mobile phase solution (Vmp) and sample solution (Vs). Figure 3. The standard curve of Vc testing.
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The results of repeatability, precision, stability and recovery

were listed in Table II, Table III, Figure 4 and Table IV,

respectively. It could be seen that the RSD values were below

2% in both results of the repeatability and precision experi-

ments. The results of the stability experiments showed that the

peak area almost kept equal in 9 h after the sample solution

pretreated, indicating the stability of the reduced Vc in the

acidic mobile phase solution. In addition, the recoveries of

samples with different concentrations were 108.68%, 105.86%

and 103.56%, respectively. All the results strongly proved that

the established HPLC method is accurate and reliable for

reduced Vc detection in HBOCs sample solution.

Limits of detection and quantification

The LOD and LOQ were defined as the minimum amounts

capable of giving chromatographic signals intensity higher

than the background noise by three times and 10 times,

respectively. In this study, the results of sensitive experiments

showed that the LOD was 0.002 ppm (equal to the Vc amounts

of 60 pg) and the LOQ was 0.01 ppm (equal to the Vc amounts

of 300 pg), which were much lower than the Vc addition in

HBOCs solutions. Thus, this established HPLC method could be

considered to be sensible enough for quantification of Vc in

HBOCs research and development.

Application in study of methemoglobin reduction by Vc
under different pH values

The experiments of MetHb reduction by Vc were carried out

under different pH conditions and the results were illustrated in

Figures 5–7. In the HPLC chromatograms of HBOCs samples,

the retention time of reduced Vc was about 4.00 min, which

was the same with that of the Vc standard in Figure 2,

indicating no interferences on the reduced Vc testing. The

kinetic parameters of Vc in the HBOCs solutions with different

pH values were given in Table V. It was found that the Vc

concentrations in HBOCs solution were rapidly decreased in the

first hour during the reaction process and then decreased more

and more slowly as the reaction time increasing. During the

reaction process, the MetHb contents were decreased simul-

taneously with the reduced Vc concentration decreasing,

indicating the reaction process of MetHb reduction by Vc. On

the other hand, it could also be seen that the reactions of

MetHb reduction by Vc were remarkably effected by the pH

values of the HBOCs solution. The higher the pH values, the

rapid the reaction process, which was presented by the values

of k and T1/2. All these results suggest that higher pH values

may have beneficial effects on the antioxidant protection

effects of Vc on HBOCs solution.

Discussion

Vc is a common nutritional compound in a variety of dietary

and natural products and is very useful for the biochemical

reaction especially for the antioxidant and free radicals

scavenging in vivo (Putchala et al. 2013). For the blood

compounds, it had been proved that MetHb could be reduced

to ferrous hemoglobin by Vc in the physiological conditions

(Krukoski et al. 2009). Thus, Vc is certainly effective for the

HBOCs antioxidant protection. However, an over dose of Vc

could remarkably decrease the pH value of the HBOCs solution,

leading to the unstability of the polymerized hemoglobin.

During the development of the HBOCs, it is necessary to

monitor the Vc content in HBOCs solution products. Thus, a fast

and sensitive method for Vc detection in HBOCs solution is

needed for the research and development of HBOCs, especially

for the pharmacokinetic studies. HPLC methods were com-

monly used in the biochemical analysis of many natural

Figure 4. The values of peak area (Sp) at different time after the sample solution
prepared.

Table II. Results of the repeatability experiment.

CVc (ppm) Sp-1 Sp-2 Sp-3 Sp-4 Sp-5 Sp-6 RSD (%)

0.5 47,808 47,908 47,936 47,707 47,601 47,450 0.91
5 480,037 480,093 479,326 479,437 477,536 477,406 0.23
50 4,798,746 4,798,753 4,802,789 4,798,263 4,798,055 4,801,305 0.07

Table III. Results of the precision experiment.

CVc (ppm) Sp-1 Sp-2 Sp-3 Sp-4 Sp-5 Sp-6 RSD (%)

0.5 46,699 46,683 47,119 46,861 47,009 46,670 0.41
5 472,854 474,664 474,588 473,947 473,804 473,017 0.16
50 4,749,944 4,793,040 4,770,552 4,796,801 4,787,574 4,807,878 0.44
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compounds due to the high sensitivity, fast operations and fine

repeatability.

Before the Vc detection, the polymerized hemoglobin need

to be isolated previously to avoid its interference on testing. So,

the acidic mobile phase solution was used as the precipitation

solution for hemoglobin and its effectiveness was validated by

the results of the precipitation experiments. On the other hand,

Vc is a powerful antioxidant and could react with several

compounds in HBOCs solutions, leading to the instability in

solution. So, during the recovery experiments, the standard Vc

was added into the supernatant after precipitation and

centrifugation to enhance the precision of the testing.

In this study, the established method for Vc determination

was proved to be effectiveness by the results of kinetics study

of MetHb reduction under different pH values. Although both

the Vc and MetHb contents decreased in the process of the

reaction, the concentration-time profiles of Vc and MetHb were

not always the same during the reaction process, indicating the

different reaction rates of Vc and MetHb in solution. In fact,

MetHb is not the only active compounds reacted with Vc.

Under the pH condition investigated in this study, Vc could

rapidly react with several oxidizing compounds in HBOCs

solutions such as free Fe3þ ions, free oxygen, combined oxygen

and so on. So, during the reaction process, Vc concentration

decreased more rapidly than MetHb, indicating other oxidizing

compounds scavenging reaction. On the other hand, free

radicals were a series of indexes need to be monitored during

the reaction because of their important roles in the side effects

of HBOCs. Due to the instantaneity property, free radicals were

difficult to be captured (Chikvaidze et al. 2014). Therefore, the

process and mechanisms of free radicals scavenging by Vc were

still kept unclear up to now. Based on the establishment HPLC

methods for Vc determination, the interaction of Vc and

oxidizing compounds would be systematically investigated in
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Figure 5. HPLC chromatograms of reduced Vc in HBOCs samples.

Figure 6. Concentration-time profiles of Vc concentrations during the reaction
process.

Figure 7. The variation of MetHb concentrations during the reaction process.

Table IV. Results of the recovery experiment.

Labeled CVc (ppm) Detected CVc-1 (ppm) Detected CVc-2 (ppm) Detected CVc-3 (ppm) Detected CVc average (ppm) Recovery (%)

0.5000 0.5394 0.5474 0.5430 0.5434 108.68
5.0000 5.2991 5.2869 5.2928 5.2930 105.86

50.0000 51.7840 51.7714 51.7742 51.7777 103.56

Table V. Kinetic parameters for the reaction of Vc in
HBOCs solutions at different pH values.

pH k (mol�1�h�1) T1/2 (h)

7.05 �0.1935 2.07
8.05 �0.2069 1.24
9.03 �0.2199 1.12
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the future work to ensure the safety and feasibility of Vc as

antioxidant in HBOCs solution.
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