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One primary and critical issue in a photosynthesis process is the absorption, transfer, and conversion of
light energy in chloroplast. Although previous studies have shown that the absorption, transfer and
conversion of light energy are involved in a series of ordered pigment protein complexes, there is still
lack of direct evidence on the electron transfer mechanism within a chloroplast. In this study, chloroplast,
thylakoid, and photosystem Il (PSII) were assembled on the chitosan modified glassy carbon electrodes
to explore the corresponding photosynthetic properties. The scanning electron microscopic and UV-
visible spectral analysis showed that the chloroplast, thylakoid, and PSII were successfully modified on
the electrode surfaces with their photosynthetic activity. The electrochemical features of chloroplast,
thylakoid, and PSII were investigated through cyclic voltammetry. The results showed that only
chloroplast modified electrodes didn’t present any electrochemical activity, while the chloroplast
modified electrodes soaked in water (hypotonic treatment) for 1 to 3 hours presented a couple of quasi-
reversible redox peaks. Both thylakoid and PSIlI modified electrodes without hypotonic treatment
showed similar redox peaks as that of chloroplast modified one, suggesting that the electrochemical
signal sources for chloroplast, and thylakoid are out of PSII. In summary, this study not only explained
the direct electrochemical signal source of the chloroplast, but also provided a new strategy to study the
electron transfer process inside an organelle or cell.
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1. INTRODUCTION

Photosynthesis is the process that green plants convert solar energy to chemical energy by
synthesizing COz and H2O into organic compounds and releasing O-. It is the largest energy and material
conversion process on earth [1]. Chloroplast is an organelle responsible for photosynthesis and CO-
consumption in plants and algal cells. One primary and critical issue in a photosynthesis process is the
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absorption, transmission, and conversion of light energy in a chloroplast. Although previous studies have
shown that the absorption, transfer and conversion of light energy are involved in a series of ordered
pigment protein complexes, there is still lack of direct evidence on the electron transfer mechanism
within a chloroplast [2-4].

Electrochemical methods are useful tools for revealing the corresponding nature of life processes
[5-8]. In our previous studies, the haemoglobins modified with different nanoparticles were assembled
on the electrodes to study their oxygen carrying characters [9,10]. The chloroplast and its protein
complexes were modified on the electrodes for solar energy study [11-13]. For example, the thylakoid
membrane was directly modified on the surface of a nanostructured titanium dioxide electrode for photo-
electrochemical cell [11]. In addition, the chloroplast and thylakoid membranes were also used to
fabricate the electrochemical sensors [14,15]. Previous studies on pigment protein complexes were more
concentrated on solar cells or electrochemical sensors. There still remain certain unclear issues about the
electrochemical properties of these complexes in these complexes.

In order to study the electrochemical character of chloroplast and its compositions, the
chloroplast, thylakoid, and photosystem Il (PSII) were independently assembled on the chitosan
modified glassy carbon electrodes. The electrochemical features of chloroplast, thylakoid and PSII
modified electrodes were studied through electrochemical methods. The results showed that chloroplast
(with hypotonic treatment), thylakoid, and PSII have similar redox peaks, which can further be analyzed
to trace the sources of the corresponding electrochemical signals.

2. EXPERIMENTAL

2.1 Reagents and materials

Chitosan (90% deacetylation, CS) was purchased from Shanghai Yuanye Biotech Company.
Chloroplast extraction kit (BB-3622-2) was purchased from BestBio Company. The spinach was
purchased at the local supermarket. Phosphate buffered saline (PBS) was prepared by mixing NazHPO4
and NaxHPO4 with the pH 7.0 solution. All solutions were prepared with the quartz sub-boiling water
and stored at 4°C.

2.2 Extraction of chloroplast, thylakoid and PSII

Chloroplast was isolated according to the method described in the chloroplast extraction kit
(BestBio Co. Ltd., BB-3622-2). Thylakoid was isolated according to Chen’s method with the necessary
modification [16]. PSII was isolated according to the BBY method [17] with the necessary modification.
All detailed procedures were put into the Supporting Information. After the extraction process, the
chlorophyll concentrations in the collected chloroplast, thylakoid, and PSIl sample solutions were
measured with a UV-vis absorption spectrophotometer (Shimadzu, UV-2450). Afterwards, the
chlorophyll concentrations were adjusted to be 2 mg/ml for further experiments.
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2.3 The Modification of Electrodes

Bare glassy carbon electrode was firstly polished with abrasive paper and then with alumina
slurry (1.0, 0.30 and 0.05 um), followed by ultrasonical cleaning in ethanol and water.
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Figure 1. Schematic diagram of electrode modification.

As shown in Fig. 1, the chitosan thin film was prepared on the polished glassy carbon electrode
surface by electrodeposition in 2.0 mg/mL chitosan solution at -2.0V (vs. SCE). Before the electrode
modification process of the chloroplast, thylakoid, and PSII, the chlorophyll concentrations of
chloroplast, thylakoid, and PSII were measured by the UV-vis absorption spectrophotometer and all the
chlorophyll concentrations were adjusted to be 2mg/ml. The chloroplast, thylakoid and PSII modified
electrodes were prepared by dropping the 10 uL store solution on the chitosan modified electrodes and
dried in dark. The final electrodes were denoted as chloroplast-chitosan modified on glass carbon
electrode  (chloroplast/CS/GCE), thylakoid-chitosan =~ modified glass carbon electrode
(thylakoid/CS/GCE) surface, and PSlI-chitosan modified glass carbon electrode (PSII/CS/GCE),
respectively.

2.4 The Morphological Characterization of chloroplast, thylakoid, PSII, and their Modified Electrodes

The morphologies of chloroplast, thylakoid, PSII, and their modified electrode surfaces were
studied by ZEISS Gemini SEM 300 field emission scanning electron microscope at Nantong university
analysis and testing centre. The store solutions of chloroplast, thylakoid, and PSII were dried on the
monocrystalline silicon wafers and the modified electrodes tips were placed in the cavity of the electron
microscope for morphological characterization.
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2.5 Spectral Characterization of chloroplast, thylakoid, PSII, and their Modified Electrodes

The UV-visible spectral analysis was performed with a UV-2450 SHIMADZU
spectrophotometer. The spectra were recorded as a function of reaction time with a UV
spectrophotometer at a resolution of 0.1 nm in the 350-750 nm range. The solutions of chloroplast,
thylakoid, and PSII were placed in standard 10-mm cuvettes for UV-visible spectral analysis. The
solutions of chloroplast, thylakoid, and PSII were dropped and dried on chitosan modified ITO glass for
spectral UV-visible spectral analysis.

2.6 Electrochemical Experiment of Chloroplast, Thylakoid, and PSII

The electrochemical experiments were performed with a CHI6G60E electrochemical working
station (CH Instruments Co., USA). The three-electrode system was composed of a modified glassy
carbon electrode (diameter =3mm), a saturated calomel electrode (SCE) as a reference electrode, and a
platinum wire as an auxiliary electrode. All electrochemical experiments were carried out in a cell
containing 5.0 ml of 0.1M phosphate buffer solution. Electrolytic solutions were purged with highly
purified nitrogen for at least 15 min prior to the experiments and maintained in the nitrogen atmosphere.
The scanning range was -0.8 VV ~0.6 V (vs. SCE) and the scan rate was 0.1 V/s.

3. RESULTS AND DISCUSSION

3.1 Morphological Characterization of chloroplast, thylakoid, PSII, and their Modified Electrodes

Figure 2. SEM image of (A) chloroplast in the stock solution; (B) thylakoid in the stock solution; (C)
PSII in the stock solution; (D) chloroplast/CS/GCE surface; (E) thylakoid/CS/GCE surface; (F)
PSII/CS/GCE surface.

Fig. 2 showed the surface morphologies of chloroplast, thylakoid, PSII, and their modified
electrodes. There was a convex lens shape object with 1~2um thick and roughly Sum diameter, which
was consistent with description of chloroplasts in size and shape (Fig. 2A). Fig. 2D showed the



Int. J. Electrochem. Sci., Vol. 15, 2020 10503

morphology of chloroplast modified electrode surface. It was observed there was an object embedded
on the electrode surface.

The observed size and shape of the object were matched with those of the chloroplast in the
solution and a previous research [18], which indicated the chloroplast was successfully modified on the
electrode surface. In Fig. 2B and Fig 2E, the flat disc shaped objects with diameters of ~700 nm in the
thylakoid store solution and on thylakoid modified electrode surface were observed, consistent with a
previous research [19]. This indicates that the thylakoid was also successfully modified on the electrode
surface. Objects with sizes of 20 nm were observed for PSII modified electrode, as shown in Fig 2C. As
shown Fig. 2F, on the chitosan modified electrodes where PSII was deposited, there still existed holes
filled with PSII.

3.2 Spectral Characterization of Chloroplast, Thylakoid, PSII, and their Modified Electrodes

The spectral properties of chloroplast, thylakoid, PSII, and their modified electrodes were
studied, as shown in the UV-visible spectra in Fig. 3. The results showed that the absorption wavelength
ranges for chloroplast, thylakoid, and PSII (Fig. 3A to Fig 3C) were consistent with those of the previous
studies [17,20,21]. As shown in Fig. 3D, Fig. 3E and Fig 3F, similar absorption peaks were observed for
chloroplast, thylakoid, and PSII on the modified electrode surfaces (Fig. 3A to Fig 3C).
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Figure 3. The UV-Vis absorption spectrum of (A) chloroplast solution; (B) thylakoid solution; (C)
chloroplast solution; (D) chloroplast-chitosan modified ITO electrode surface; (E) thylakoid-
chitosan modified ITO electrode surface; (F) thylakoid-chitosan modified ITO electrode surface.

For chloroplast modified electrode, the absorption peaks at 437 nm, 469 nm, and 680 nm were
observed. For thylakoid modified electrode, the absorption peaks at 437nm, and 680nm were observed.
The similar absorption peaks were also observed for PSII. All these results indicated that chloroplast,
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thylakoid, and PSI1 may keep their biological activities on their modified electrodes, judged from their
spectral characters.

3.3 Electrochemical Characterization of Chloroplast

Cyclic voltammetry was applied to study the electrochemical signal in PBS buffers with pH 7.0.
The interesting thing was that the chloroplast modified electrode didn’t show any current peak in the
initial stage. After such a chloroplast modified electrode was soaked in water for 1 to 3 hours (hypotonic
treatment), a couple of quasi-reversible redox peaks at -0.46 V and 0.18 V were observed, as shown in
Fig 4A. As shown in Fig 4B, when the soaking time was 2 h, the peak current looked more stable. For
bare GCE and CS/GCE, no redox peak could be observed under the same condition (Fig 4C).
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Figure 4. (A) Cyclic voltammograms of chloroplast/CS/GCE in pH7.0 PBS at different soaking times
(a-d):0h, 1h, 2h, 3h at 0.1V/s scan rate; (B) peak current histogram of chloroplast/CS/GCE in
pH7.0 PBS at different soaking times at 0.1V/s scan rate (n=3). (C)Cyclic voltammograms of
(@)GCE, (b)CS/GCE, (c) chloroplast/CS/GCE in pH 7.0 PBS at 0.1V/s scan rate

As is known, it is difficult to directly acquire the electrochemical response from chloroplast.
Considering the structure of chloroplast [22] and the water soaking process, we suspected that the
envelop membrane of chloroplast maybe block the electron transfer from inside to outside. However,
the conductivity of the envelop membrane of chloroplast was improved after hypotonic treatment so that
the electron transfer feature could be captured on the electrode surface.

3.4 Direct Electrochemical Signal Source in Chloroplast

So the question arises, where was the electron of the chloroplast from? Since thylakoid is the key
part of chloroplast in photosynthesis and PSII is the key composition of thylakoid, thylakoid and PSII of
chloroplast were selected for the further study.
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Figure 5. Cyclic voltammograms of (A) chloroplast/CS/GCE, (B) thylakoid/CS/GCE, (C)
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Figure 6. Schematic diagram of electron transfer on the chloroplast/CS/GCE, thylakoid/CS/GCE and
PSII/CS/GCE

As showed in Fig 5, a pair of similar irreversible redox peaks in cyclic voltammetric curves
appeared in the chloroplast modified electrode with hypotonic treatment, and thylakoid/PSII modified
electrodes without hypotonic treatment, respectively. In previous studies, lots of materials were modified
on electrodes which can improved the electron transfer ability, such as polymer [23,24] and
nanomaterials [25]. Such modifications can achieve better reversibility, but may cause structural and
functional deterioration of chloroplast, thylakoid and PSII. Because chitosan has excellent
biocompatibility [26], the experimental result with respect to our modification may be more related to
chloroplast’s nature status. It was observed that the maximum for the reduction peaks was about -0.40
V, and the maximum for the oxidation peaks was about 0.10 V. The results showed that the
electrochemical properties of chloroplast, thylakoid, and PSII have inheritance and the electrochemical
signal source of chloroplast and thylakoid was from PSII. In previous studies, the cyclic voltammetric
results of cytochrome ce, photosystem I, plastoguinone, and plastocyanin were very different from those
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of our chloroplast, thylakoid, and PSII [27-30], which indicated that only the key of the electrochemical
activity should be PSII in our experiment.

4. CONCLUSIONS

In this study, chloroplast, thylakoid, and PSII were assembled on the chitosan modified glassy
carbon electrodes with photosynthetic activity. The electrochemical features of chloroplast, thylakoid,
and PSII were studied through cyclic voltammetry. The results showed that the chloroplast didn’t have
any electrochemical activity, while hypotonic chloroplast showed the similar electrochemical activity as
thylakoid and PSII. It is well known that phospholipid membrane is not a good conductive structure. The
envelope membrane of chloroplast included two layers of phospholipid membranes, which blocked the
electron transfer from inside to outside (Fig 6A). The hypotonic process improved the envelope
membrane conductivity of chloroplast and accomplished the electron transfer from inside to outside. The
electron transfer for thylakoid from inside to outside could be obtained directly when thylakoid was
modified on the electrode because there was only a layer of the thylakoid membrane (Fig 6B). There
was barely no membrane structure to undermine electron transfer when PSII was modified on the
electrode (Fig 6C). Our results suggested that the electrochemical signal source of hypotonic chloroplast,
and thylakoid was from PSII. In summary, this study not only explored direct electrochemical signal
source of the chloroplast, but also provided a new strategy to study the electron transfer process inside
an organelle or cell.

SUPPLEMENTARY INFORMATION

The extraction of chloroplast, thylakoid, and photosystem Il

Chloroplast was isolated according to the method described in the chloroplast extraction kit
(BestBio Co. Ltd., BB-3622-2). Briefly, the spinach leaves were washed with doubly distilled water and
cut into small fragments. The small fragments were ground into the paste and mixed with the PBS
solution (4 °C, pH 7.0) for further pestling until there were no visible solid ingredients in the mortar.
After pestling, the mixture was put in a refrigerator (4°C) for 2 h. The supernatant was then centrifuged
at 3000 rpm for 10 min at 4 °C. The supernatant was discarded and the remaining precipitates were re-
suspended in the extraction solution A (BestBio Co. Ltd., BB-3622-2). The solution was again
centrifuged at 3000 rpm for 10 min at 4 °C. The supernatant was then discarded. The remaining
precipitates were re-suspended with the extraction solution B (BestBio Co. Ltd., BB-3622-2) and shaken
for 20 min. The obtained solution was centrifuged at 200 rpm for 2 min at 4 °C and the precipitates were
discarded. Finally, the supernatant was centrifuged at 3000 rpm for 10 min at 4 °C. The precipitates were
collected and dispersed in the stock solution for the further experiment.

Thylakoid were isolated according to Chen’s method with small modification [1]. Briefly, 1 g of
spinach leaves was washed with doubly distilled water, scraped and ground into the paste. The paste was
mixed with 5 ml of the pre-cooled grinding buffer solution and ground for 30 min in an ice-cold box.
After that, 5 ml of the pre-cooled grinding buffer solution was added. The mixture was further ground
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for 20 min and then filtered with two layers of nylon mesh (20 pm pore size) and centrifuged at 1000
rpm at 4 °C for 5 min. The precipitates were re-suspended in the grinding buffer solution and centrifuged
again at 1000 rpm for 5 min at 4 °C to obtain the precipitates. The precipitates were resuspended in 4 ml
of shock buffer and centrifuged at 5000 rpm for 5 min at 4 °C. The precipitates were then resuspended
in 2 ml of stock buffer and centrifuged at 5000 rpm for 5 min at 4 °C. The same procedure was repeated
for twice. The finally collected precipitates were re-suspended in 1 ml of the stock buffer solution and
stored at 4 °C for the further experiment.

PSII was isolated according to the BBY method [2] with small modification. Briefly, 50 g of
spinach leaves were washed with doubly distilled water and put in the refrigerator (4 °C) for 30 min.
The cooled spinach leaves were mixed with 150 ml of the BBY-1 solution and ground into the paste in
a pre-cooled blender (Maierkang Environmental Technology Co., Ltd., Aoke-A300). The homogenates
were filtered through screen mesh and centrifuged at 6000 rpm for 10 min at 4 °C. The precipitates were
resuspended in 40 ml of the BBY-1 solution and centrifuged at 400 g for 1 min at 4 °C. After that, the
supernatant was centrifuged at 35000 rpm for 7 min at 4 °C. The precipitates were re-suspended with 20
ml BBY-2 solution and centrifuged at 35000 rpm for 7 min at 4 °C to obtain the precipitates. The
precipitates were re-suspended in 3.5 ml of BBY-3 solution and the mixture was measured by
spectrometer for determining the chlorophyll concentration. After that, the BBY-3 solution was added
to adjust the chlorophyll concentration to be 2.5 mg/ml. Afterwards, 1 ml of BBY-3T solution was slowly
added into 4 ml of BBY-3 and stirred for 10 min. The mixture was centrifuged at 35000 rmp for 15 min
at 4 °C to obtain the precipitates. The precipitates were res-uspended in 20 ml of BBY-3 solution and
centrifuged at 3000 rpm for 3 min at 4 °C. After that, the supernatant was centrifuged at 35000 rpm for
20 min at 4 °C. After centrifuging, if the supernatant was green, the pellets were res-uspended in 20 ml
of BBY-3 solution and centrifuged at 35000 rpm for 20 min at 4 °C again. Otherwise the precipitates
were re-suspended in 5 ml of BBY-4 solution. The mixture was frozen in liquid nitrogen for 1 min and
store at -80 °C for the further experiment. Because the sucrose and ethylene glycol in BBY-4 solution
will obstruct the electrode modification process, 0.2 ml of PSII store solution was centrifuged at 35000
rpm for 20 min at 4 °C to obtain the precipitates and then re-suspended with 0.2 ml of BBY-4E (BBY-
4 without sucrose and ethylene glycol) before each PSII modification process.
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