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ABSTRACT

Chlorin €6 is a stable chlorophyll derivative and can be used in
photodynamic therapy (PDT) to treat cancer. One of the
synthetic pathways of chlorin e6 is via the transformation of
chlorophyll a to methyl pheophorbide a. In this study, we
optimize the experimental condition for obtaining methyl
pheophorbide a from chlorophyll extracted from Spirulina.
The preliminary study showed that the suitable solvent system
for extracting chlorophyll from the extract was
dichloromethane and n-hexane in a ratio of 1:1. To determine
the optimal parameters of 4 factors: time, temperature,
chlorophyll/H2SO;4 ratio (w/v), chlorophyll/MeOH ratio (w/v)
to obtain the highest conversion efficiency of methyl
pheophorbide a. The experimental matrix followed the Box-
Behnken design to investigate the optimal region, with
experiments for four factors at three levels to build the
indicator surface. The optimal conditions for preparing methyl
pheophorbide a from chlorophyll: Chlorophyll/H.SO. ratio
was 4/5 (w/v), chlorophyll/CH3OH ratio was 6/50 (w/v), time
was 4.4 hours and temperature was 44°C. Chlorin e6 was
successfully prepared from methyl pheophorbide a.

Keywords: Spirulina; Chlorin; photodynamic therapy.

1. Introduction

Spirulina is a multicellular, filamentous cyanobacterium.
The genus Spirulina includes photosynthetic organisms,
with phycocyanin as the primary photosynthetic pigment;
it also has carotenoids and chlorophyll a [1]. Spirulina has
evolved naturally in our environment for millions of years
and is able to withstand harsh growing conditions;
naturally growing Spirulina can be found in lakes with
high alkalinity [2], [3]. Spirulina contains many
pigments, including chlorophyll a, xanthophyll, beta
carotene, echinenone..., c-phycocyanin and
allophycocyanin [4]. Spirulina is an economical source of
good quality natural chlorophyll bio-availability because
most chlorophyll in Spirulina exists in chlorophyll a,
unlike most plants with a mixture of chlorophyll a and b.
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Chlorin €6 is a stable derivative of chlorophyll, one of the important optically
active derivatives with many practical applications. Among them, we can mention the use
of chlorin e6 in photodynamic therapy (PDT) to treat cancer [5], [6]. The synthesis of
chlorin e6 from natural products, such as Spirulina, is illustrated in Figure 1 [7]. Extract
and recover chlorophyll a from algae (a), reduce the magnesium nucleus with an acid
solution and methylate, and replace the phytyl group with methanol to obtain methyl
pheophorbide a (b). Next, methyl pheophorbide a's ring-opening reaction was performed
to form chlorin e6 trimethyl ester via the Retro-Claisen condensation reaction (c). The
study of chlorophyll extraction from spirulina algae has been carried out in previous studies
with optimized extraction process conditions. In this study, we optimized the process of
forming methyl pheophorbide a and converting it to chlorin e6, thereby evaluating the
activity of the obtained components.

a
Spirulina platensis —————— (Chlorophyllg ————=

Methylpheophorbide a
2

H3CO,C

Chlorin ey trimethylester
{Chleg tme)

Figure 1: Transformation pathway of chlorin e6 from Spirulina

2. Materials and method
2.1. Materials and chemicals

Dried spirulina samples in powder form were obtained from Vinh Hao Algae Joint
Stock Company in Tuy Phong, Binh Thuan province. All chemicals such as absolute
alcohol (C2Hs0H 99.7%), concentrated sulfuric acid (H2SO0a4), methanol (CH3OH), n-
hexane (CsHi4), Dichloromethane (CH.Cl,), Tetrahydrofuran (THF), Potassium oxide
(KOH), Chloroform (CHCIs), Acetone (CsHeO), Silicagel 60 (0.063 - 0.200 mm) were of
analytical grade and obtained from Xilong Scientific- China, QreC (Asia)- Malaysia,
Merck- Germany.

2.2. Preparation of pheophobide a and chlorin e6

Extraction of chlorophyll in Spirulina: Chlorophyll was extracted from dried algae
samples by ethanol at 50°C for 3 hours and 30 minutes, then filtered through filter paper
to remove the residues. Separation of chlorophyll from the extract mixture by column
chromatography was carried out with the stationary phase being silica gel and the mobile
phase being n-hexane (hon-polar), dichloromethane (polar) and a mixture of n-hexane and
dichloromethane in a 1:1 ratio (medium polarity) [8].
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Preparation of methyl pheophorbide a: Chlorophyll samples, after being separated
by column chromatography with the solvent system, were transferred to a glass cup that
was covered with aluminium foil to avoid light and concentrated on an electric stove with
a temperature control of about 60-70°C to evaporate all the solvent. A certain amount of
methanol was added to the concentrated solution at a controlled temperature; then,
concentrated sulfuric acid was added to the solution until it was finished. Leave the
reaction in the thermostatic bath and shake it every 15 minutes.

Purification of methyl pheophorbide a by column chromatography: The solution
after the reaction was evaporated at 60-70°C to remove the solvent. Crude methyl
pheophorbide a was dissolved in dichloromethane, and separation was done in a silica gel
column. When this fraction flows out almost wholly, a solvent system with a higher
polarity was added, a mixture of dichloromethane and acetone at a ratio of 30:1. The blue-
black fraction containing methyl pheophorbide a was a relatively clean product. Remove
the solvent from the methyl pheophorbide solution by evaporating it in an oven at 60-70°C
and drying the methyl pheophorbide product at 70°C until the mass is constant. Weigh the
resulting solid to determine the mass of the substance formed, thereby determining the
efficiency of the reaction on 1 g of dry algae.

The mass of dry algae extracted to collect chlorophyll in each experiment is 4 g.
Based on the available mass of chlorophyll (approximately 0.12 g), the volume of H2SO4
and methanol in each experiment can be determined. The efficiency is determined by the
ratio of the mass of methyl pheophorbide a (MPPB) formed to the mass of dry algae.
According to the previous survey of dry algae materials, the moisture content is 8.85% [8],
from which the dry matter mass can be calculated to be 3.646 g.

2.3. Optimizing the preparation process of methyl pheophorbide a

To determine the optimal parameters of 4 factors: time, temperature,
chlorophyll/H2SO4 ratio (w/v), and chlorophyll/MeOH ratio (w/v) to obtain the highest
conversion efficiency of methyl pheophorbide a. The experimental matrix followed the
Box-Behnken design to investigate the optimal region, with experiments for four factors
at three levels to build the indicator surface. Box-Behnken designs are usually rotational,
with a small number of experiments in each iteration, and no experimental point falls
outside the interval between the two established levels for each variable.

The mathematical model describing the influence of independent variables on
dependent variables has the form of a quadratic polynomial function with the following
general form: Y = bo + b1X; + baXo + b3Xz +0aXs + b1oX1 X2 + b13X1 X3 + b1aX1Xs +
b23XoX3 + b2aXoXa + b3aX3Xa + b11 X% + b X2 + b3sX?3 + bas X% Where bo: constant by,
b2, b3, ba: are first-order simple linear regression coefficients b1, b2z, bas, bas: are second-
order simple linear regression coefficients b1z, b1, b14, b23, b2s, bas: are pairwise interaction
regression coefficients. Each coefficient b characterizes the influence of each factor on the
objective function. The coefficients are calculated according to the experimental data of
the objective function, which is the reaction efficiency. The acceptance level of the model
is expressed by the coefficient of determination R2 - the correlation coefficient of the
regression function.
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2.4. Data processing

Data was statistically processed on Megastat software version 10.4 and Microsoft
Excel in Office 365. An optimal experimental strategy was developed, and results were
processed on Minitab 16 software.

3. Results and discussion
3.1. Selection of experimental condition

Selection of solvent: Based on the images of the chromatographic columns when
using different solvents, all three solvents gave clear separation between chlorophyll and
[-carotene. However, with the extraction by the mixture of dichloromethane and
dichloromethane: n-hexane (with the ratio of 1:1), the colour of chlorophyll was relatively
clear, while with the extraction by n-hexane, the chlorophyll colour was pale and unclear.
Because n-hexane is an almost non-polar solvent, the ability to dissolve chlorophyll was
poor, and less chlorophyll flowed through the column than with the other two solvents.
When extracting chlorophyll, we need a solvent system that harmoniously balances
removing the impurity component, -carotene (the main impurity mixed in chlorophyll)
and the maximum amount of chlorophyll obtained. When dichloromethane was used as
the solvent for the extraction, the chlorophyll volume was the largest. However, the -
carotene volume was relatively modest, resulting in a large amount of [B-carotene
remaining in the obtained chlorophyll solution. On the contrary, when using n-hexane, the
B-carotene volume was significant, but the chlorophyll obtained was very little. Thus,
using the solvent system of dichloromethane and n-hexane (with a 1:1 ratio) gave the best
efficiency in extracting chlorophyll.

Table 1: The volume of chlorophyll and f5 - carotene obtained from dried algae extract
when using mobile phase dichloromethane and n-hexane in a ratio of 1:1

Solvent Chlorophyll (mL) p - carotene (mL)

36.3 25
dichloromethane and n-hexane 325 26
43 15
40 10
dichloromethane 45 7
475 12
16.8 40
n - hexane 24 30

22 325

3.2. Building a regression equation

The optimized efficiency of methyl pheophorbide a formation with the input
factors of chlorophyll/H2SO4 ratio (1/5-10/5, w/v), chlorophyll/CH3OH (5/50-10/50, wiv),
time 2-6 hours and temperature 30-70°C are presented in Table 2 based on a previous study
[5]. The maximum yield of methyl pheophorbide formation was 3.264% (based on dry
algae) at 0.11 mL H2S0O4, 1.2 mL CH3OH in 4 hours and at a temperature of 50°C. The
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minimum conversion efficiency was 0.234% at 0.11 mL H2SO4 and 1.2 mL CH3OH in 2
hours at 70°C. The effects of factors such as the volume of H.SO4 and CH3OH, time and
temperature, and the interaction effects of factors were tested through the significance of
coefficients in the regression model.

Table 2: Experimental design and performance results
according to the Box-Behnken model

= Volume \-I;;:er:\/:mes. MF-)PB Efficiency

STT 1 | x2 | x3 | xa | HaS0s | CHaOH T('rr]r)‘e T(gfg)p Wight (%)
(mL) (mL)

1 [ 1]1]0] 0] o6 6 4 | 50 | 00210 0576
2 [1]1]0] 0] 006 6 4 | 50 | 00530 | 1.454
3 |1]1]0|0]| 06 06 | 4 | 50 |00759| 2.082
4 |111]0] 0] 006 06 | 4 | 50 |0.0166| 0455
5 |00 ]|-1]-1] ol 12 2 | 30 |00503| 138
6 |00 1]|-1]| oll 12 6 | 30 |00732| 2.008
7 oo 1] 1] ou 12 2 | 70 |0.0085 | 0.234
8§ |00 1]1]| oll 12 6 | 70 | 00465 | 1.278
9o |-1]0]0]|-1| 06 12 | 4 | 30 |00867| 238
10 1]0]0]-1] 006 12 | 4 | 30 |00759| 2082
11 | 1]olo] 1] o6 12 | 4 | 70 |00466| 1278
12 1|00 1] 006 12 | 4 | 70 |00174| 0477
130 1]1]0] o 6 2 | 50 |00210| 0576
14 0] 1|1]0] ou 06 | 2 | 50 |0.0604| 1.656
50| 1]1]0] o 6 6 | 50 |00732| 2.008
60| 1|1]0] ou 06 | 6 | 50 |00653| L1791
17 [1]0|1]0] o6 12 2 | 50 |0.0749| 2.054
18 1]0|1]0] 006 12 2 | 50 |00315| 0.863
19 [1]0o|1]0] o6 12 6 | 50 | 00816 | 2.237
20 [ 1]0|1]0]| 006 12 6 | 50 |00575| 1.579
20 [0 | 1]0|-1] ot 6 4 | 30 |00491| 1.348
22 0] 1]0]-1] o 06 | 4 | 30 |00766| 2.102
23 0|-1]0] 1] ou 6 4 | 70 |00223| 0612
24 [0 1|01 ou 06 | 4 | 70 |00580| 1.502
25 (0] 0|00 o011 12 | 4 | 50 |00971| 2664
26 0] 0|00 o011 12 | 4 | 50 |o01142| 3132
27 0] 0|00 o 12 | 4 | 50 |01190| 3.64
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Table 3 shows the results of the regression coefficients of the model before and
after removing the insignificant factors. The independent variables strongly affecting the
model are Xi, X2, X3, X4. The p-values of these variables are much smaller than the
significance level a = 0.05. The second-order factors all strongly impact the model (X1,
X2z, Xa3, Xas) because the p-values of these variables are less than or equal to 0.001.
Among the two-level interaction factors, only the interaction pair between variables X
and Xz has a significant impact (p = 0.005), while the other interaction pairs have very
weak impacts on the model. We eliminate these interaction pairs, including
chlorophyll/H2SOs4 ratio and time (b13); the interaction pair chlorophyll/H2SO4 ratio and
temperature (b1s); The interaction pair of chlorophyll/CH3OH ratio and time (b23); the
interaction pair of chlorophyll/CH30OH ratio and temperature (b24); the interaction pair of
time ratio and temperature (bss) out of the model and rerunning the regression model, we
have the table of regression coefficient values.

Table 3: Regression coefficient values of the model before
and after removing insignificant interaction factors

. Before After
Regression - -
coefficient Re_g_r esston p- Reg ression p-
coefficient value value coefficient value value

bo 3.020 0.000 3.02 0.000
bl -0.308 0.013 -0.308 0.009
b2 0.259 0.03 0.259 0.023
b3 0.345 0.007 0.345 0.004
b4 -0.486 0.001 -0.486 0.000
b1l -0.741 0.001 -0.741 0.000
b22 -0.899 0.000 -0.899 0.000
b33 -0.723 0.001 -0.723 0.000
b44 -0.834 0.000 -0.834 0.000
b12 -0.626 0.005 3.02 0.000
b13 0.133 0.478 -0.308 0.009
b14 -0.126 0.503 0.259 0.023
b23 -0.324 0.100
b24 0.056 0.762
b34 0.104 0.578
R2 0.906 0.8701

R? adjusted 0.797 0.801

Lack of fit 0.487 0.508

After removing the insignificant interaction factors from the regression model, we
see that the p-value of “Lack of fit” increases and the adjusted R? and R? coefficients are
closer to each other than the original. This shows that after removing the insignificant
interaction factors, the model is more suitable than the original one. The fitting coefficient
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R?=0.8701 indicates that 87.01% of the change in the value of the objective function Y is
explained by the coefficients of the variables in the model. The adjusted R? and R?
coefficients are close to each other, which shows that the change in the value of Y is mainly
due to the coefficients X without the need for additional factors. Test the model's suitability
through the p-value of “Lack of fit”; the p-value = 0.508 > a. Therefore, the model is
entirely suitable to describe the data. The quadratic regression equation with four input
factors (4 coded variables are Xi, Xz, Xs, Xs) of the objective function (methyl
pheophorbide a conversion efficiency) according to the selected optimal model has the
following form:

Y =3.020 - 0.308 X1 + 0.259 X, + 0.345 X3 - 0.486 X4- 0.741 X?; - 0.899 X?; -
0.723 X?3 - 0.834 X%+ 3.02 X1X2 - 0.308 X1 X3 + 0.259 X1 X4

3.3. Interactive effects of factors on the conversion efficiency of methyl
pheophorbide a

Some factors interacted with the conversion efficiency of methyl pheophorbide a.
Figure 2 shows the interactions between the factors investigated on the conversion
efficiency. The interaction between the chlorophyll/H.SOs ratio (w/v) and the
chlorophyll/CH3OH ratio (w/v) had a strong influence on the conversion efficiency of methyl
pheophorbide a (p<0.05). The response surface plots representing the 3-dimensional space
visually represent the relationship between the conversion efficiency of methyl
pheophorbide a and the factors of chlorophyll/H2SO;4 ratio (w/v) and chlorophyll/CHsOH
ratio (w/v) are shown in Figure 2. The conversion efficiency values did not change much,
fluctuating between 1.8-3.1%. The graph had a slightly curved surface.

Surface Plot of Yeild vs Ch/CH30H, Ch/H2S04 Surface Plot of Yeild vs Temp, Time

3

Yeild 2

® ch/cH3oH

1

(@) (b)
Figure 2: Response surface model of interaction between two factors
on conversion efficiency: (a) chlorophyll/H2SO4 ratio
and chlorophyll/CHsOH ratio, (b) time and temperature

Ch/H2s804

3.4. Optimization of factors to obtain the highest methyl pheophorbide
conversion efficiency

The conversion efficiency of methyl pheophorbide a from chlorophyll a was
affected by four factors: chlorophyll/H2SO4 ratio (w/v), chlorophyll/CH3OH ratio,
temperature, and time. Providing optimal conditions for this intermediate compound would
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limit unwanted compounds, save time and be effective in the following conversion steps.
The results of statistical processing by determining the extreme value for the objective
function in Mintab 16 are expressed in Figure 3.

: Ch/H2504 Ch/CH30H Time Temp
oml']ma‘ High : 11.? ; [JI.SU . 03 5%
car -0.313 0.252 0.2323 -0.2929
1.0000 | gy, -1.0 -1.0 -1.0 -1.0
Composite
Desirability

1.0000

Yeild
Maximum
y = 3.2130
d = 1.0000

Figure 3: Optimization of factors affecting methyl pheophorbide a conversion efficiency

The highest methyl pheophorbide conversion efficiency was 3.21% when the
chlorophyll/H2SO4 ratio was - 0.3, equivalent to 4/5 (w/v), the chlorophyll/CH3OH ratio
was 0.2, equivalent to 6/50 (w/v), the time was 0.2 equivalent to 4.4 hours, and the
temperature was - 0.3 equivalent to 44°C. The conversion efficiency was low if the
chlorophyll/H2SO4 ratio was too large or smaller than the optimal value. Indeed, if the
chlorophyll/H2SQO4 ratio was significant while the mass of chlorophyll remained constant,
the volume of H,SO4 was small. The small volume of H.SO4 was not enough for
chlorophyll to ultimately convert to pheophytin, leading to a decrease in the conversion
efficiency to methyl pheophorbide. If the chlorophyll/H2SO4 ratio was significant while
the mass of chlorophyll remained constant, the volume of H.SOs was large. This is
disadvantageous for the chlorophyllase enzyme - an enzyme available in the cytosol which
converts chlorophyll in organic reactions.

Time is a factor to consider: a short or long reaction time resulted in low conversion
efficiency. A short time means the reaction was continued. However, prolonging the
reaction time reduced efficiency because methyl pheophorbide a is unstable in
environmental conditions; it can be oxidized by light and air oxygen. In addition, the
temperature was important in the conversion process of methyl pheophorbide formation
because, at high temperatures, the chlorophyllase enzyme was inactivated. Furthermore,
the reaction of converting chlorophyll into methyl pheophorbide decreased under high
temperatures. This was because methyl pheophorbide a continued to react and transform
into pyropheophorbide [10]. However, the chlorophyllase enzyme was less active at low
temperatures, leading to a decrease in conversion efficiency. The optimal operating
temperature of the chlorophyllase enzyme was about 50°C, which was also quite close to
the optimal temperature of the conversion (44°C). From the discussion results and the
expected function value d = 1, it can be seen that the optimal value of the objective
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function, as predicted in the model, could be achieved. The factors affecting the highest
conversion efficiency of methyl pheophorbide a were the ratio of chlorophyll/H2SO4 4/5
(w/v), the ratio of chlorophyll/CH3OH 6/50 (w/v) at 4.4 hours and 44°C.

4. Conclusion

In this study, we conducted a preliminary survey of the solvent systems that can
recover chlorophyll from the mixture of dried algae extract. Specifically, the solvent system
of dichloromethane and n-hexane with a ratio of 1:1 was selected for the optimization design.
The optimal conditions for preparing methyl pheophorbide a from chlorophyll a of dried
algae extract achieved a high yield of 3.21%. The preparation conditions for the extraction
were: the ratio of chlorophyll/H2SO4 was 4/5 (w/v), the ratio of chlorophyll/CH30H was
6/50 (w/v), the time was 4.4 hours, and the temperature was 44°C.
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TOM TAT

TOI UU HOA QUA TRINH TAO THANH METHYL PHEOPHORBIDE A
VA CHUYEN HOA THANH CHLORIN E6

Nguyén Thi Thaol, Vii Hong Son?, Bui Kim Hoan?, Lé Thi Thao?,
Nguyén Thi Minh Ta!, Nguyén Thi Lan Anh!, Nguyén Thanh Phweng*
"Bai hoc Béch Khoa Ha Ngi, Viét Nam
Cong ty Co phan Thai Duwong, Ha Néi, Viét Nam
Ngay nhan bai 21/11/2024, ngay nhan dang 10/02/2025

Chlorin e6 12 méot dan xuit 6n dinh cua diép luc va co thé duogc str dung trong liéu
phép quang dong (PDT) dé diéu tri ung thu. Mot trong nhitng con duong tong hop chlorin
e6 1a thdng qua qua trinh chuyén d6i diép luc a thanh methyl pheophorbide a. Trong nghién
clru ndy, chung t6i da t6i uu hoa diéu kién thuc nghiém dé thu dugc methyl pheophorbide
a tir diép luc chiét xuat tir tao xodn. Nghién ctru so bo cho thiy hé dung méi thich hop dé
chiét xuat diép luc tir dich chiét 1a dichloromethane va n-hexane theo ty I¢ 1:1. Bé xac dinh
c4c théng sb t6i wu cuia bon yéu té: thoi gian, nhiét do, ty 16 diép luc/H2S04 (w/v), va ty 16
diép luc/MeOH (w/v) nham dat hiéu suat chuyén ddi methyl pheophorbide a cao nhit,
chung t6i da sir dung ma tran thyc nghiém theo thiét ké Box-Behnken. Thiét ké nay bao
gom cac thi nghiém vai bon yéu té ¢ ba mic dé xay dung bé mat chi thi. Biéu kién tdi uu
dé diéu ché methyl pheophorbide a tir diép luc 1a: ty 18 diép luc/H2SO04 14 4/5 (w/v), ty 18
diép luc/CHsOH la 6/50 (w/v), thoi gian phan ung la 4,4 gio, va nhiét do la 44°C. Chlorin
e6 da duoc diéu ché thanh cong tir methyl pheophorbide a véi hiéu suat dat 3,12% tinh
theo khéi luong chat kha.

Tir khéa: Tao xodn; Chlorin; liéu phap quang dong.
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