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In this study, we address the persistent challenge of providing adequate
oxygen to transplanted cells by introducing a respiratoid biosystem. Central to

our strategy is the chloroplast-transit-peptide (CTP), crucial for optimal
oxygenation. Through conjugation of CTP with alginate, we achieve stabili-
zation of chloroplast structure. Strategically anchored to the outer chloroplast
membrane, CTP not only ensures structural integrity but also upregulates key
photosynthesis-associated genes. This biosystem demonstrates exceptional
efficacy in spontaneously generating oxygen, particularly under hypoxic
conditions (-1% pO,). In an application, pancreatic islets encapsulated within
the respiratoid biosystem and intraperitoneally implanted in diabetic mice
maintain normal glucose levels effectively. Insulin secretion persists for 100
days post-xenotransplantation without the need for immunosuppressant
administration, highlighting the reliance on the respiratoid biosystem’s oxy-
gen supply and structural stability. Our study demonstrates the respiratoid
biosystem as a platform in tissue engineering, offering a nature-inspired
solution to the critical challenge of spontaneous oxygen supply.

Cell transplantation emerges as a prospective therapeutic strategy for
addressing diseases associated with hormone or protein deficiencies.
Despite notable advancements in this field, several challenges persist’.
A fundamental hurdle in cell transplantation is the challenge of pro-
viding sufficient oxygen to survive encapsulated cells within
3-dimensional (3D) constructs*™. Specifically, these cells are trans-
planted to a site with relatively low oxygen pressure and without an
internal oxygen supply. In that case, they consume the available oxy-
gen, creating a hypoxic environment inside the 3D structure. Fur-
thermore, core regions of the 3D structure become severely hypoxic
due to the limited oxygen diffusion from the surface to the core®®. The
hypoxic conditions trigger the stabilization and activation of hypoxia-
inducible factors (HIFs) in encapsulated cells. In addition, hypoxia
reduces the efficiency of the electron transport chain in mitochondria,
leading to produce reactive oxygen species (ROS), such as superoxide

radicals (O,¢-), hydrogen peroxide (H,0,), and hydroxyl radicals
(OH-)"°. Both HIFs stabilization and ROS overproduction have the
potential to damage deoxyribonucleic acid (DNA), induce mutations,
and arrest the cell cycle'®. To enhance the oxygenation of tissue
constructs, various types of oxygen-releasing biomaterials (ORBs)
have been developed to date. However, there are consistent challenges
in the development of advanced ORBs that can address burst oxygen
release and spontaneous oxygenation issues*>, Also, in the oxygen
decomposition process, byproducts such as ROS not only disrupt
cellular pH and metabolic reactions but also induce cellular damage?.

Chloroplast, a type of membrane-bound plastid, plays a pivotal
role in photosynthesis by storing solar energy in energy-storage
molecules and releasing oxygen from water. Hence, they present a
natural source of oxygenation. In our study, we employed a chlor-
oplast source isolated from terrestrial plants, lowering the potential

Department of Bioengineering, College of Engineering, and BK FOUR Biopharmaceutical Innovation Leader for Education and Research Group, Hanyang
University, Seoul, Republic of Korea. 2Center for Systems Biology, Massachusetts General Hospital, 185 Cambridge St, CPZN 5206, Boston, MA, USA. 3Institute
of Nano Science and Technology (INST), Hanyang University, Seoul, Republic of Korea. “Institute for Bioengineering and Biopharmaceutical Research (IBBR),
Hanyang University, Seoul, Republic of Korea. ®Elixir Pharmatech Inc, Seoul, Republic of Korea. ®These authors contributed equally: Seonmi Jang,

Chaerim Yoo. " e-mail: dongyunlee@hanyang.ac.kr

Nature Communications | (2024)15:9151


http://orcid.org/0009-0005-7668-9443
http://orcid.org/0009-0005-7668-9443
http://orcid.org/0009-0005-7668-9443
http://orcid.org/0009-0005-7668-9443
http://orcid.org/0009-0005-7668-9443
http://orcid.org/0009-0008-3206-6289
http://orcid.org/0009-0008-3206-6289
http://orcid.org/0009-0008-3206-6289
http://orcid.org/0009-0008-3206-6289
http://orcid.org/0009-0008-3206-6289
http://orcid.org/0000-0001-7691-0447
http://orcid.org/0000-0001-7691-0447
http://orcid.org/0000-0001-7691-0447
http://orcid.org/0000-0001-7691-0447
http://orcid.org/0000-0001-7691-0447
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53246-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53246-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53246-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-53246-w&domain=pdf
mailto:dongyunlee@hanyang.ac.kr
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53246-w

risk of biological contamination inherent in photosynthetic
microorganisms'*. However, the isolated chloroplasts remain structu-
rally intact for only a few hours in a test-tube, and photosynthetic
activity is typically lost within 30 min to half a day of light exposure™™.
The structure of the isolated chloroplasts is essential for maintaining
the internal environment and enabling vital processes such as
photosynthesis'®. To overcome these constraints, we focused on the
chloroplast proteins engaging with the translocon on the outer
chloroplast membrane (TOC) and the translocon on the inner chlor-
oplast membrane (TIC) complex”. The TOC and TIC are responsible
for importing many chloroplast proteins, which contain transit pep-
tides that signal their destination from the cytoplasm?. This TOC-TIC
complex works together as a coordinated system and creates a chan-
nel or pathway across both membranes of the chloroplast envelope®.
In this context, we hypothesized that the incorporation of a
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chloroplast-transit-peptide (CTP) derived from transmembrane
domain (TMD) of TOC could potentially augment the structural sta-
bility of isolated chloroplasts through its affixation to the outer
membrane.

As a proof of concept, we introduced a ‘respiratoid’ biosystem
utilizing isolated chloroplasts, offering an approach to spontaneous
oxygen generation (Fig. 1a). Unlike conventional alginate micro-
capsules (Fig. 1b), the respiratoid biosystem demonstrated the ability
for continuous and self-sustained oxygen supply through activated
chloroplasts with CTP, thereby improving the physiological conditions
for therapeutic cells (Fig. 1c). The incorporation of CTP notably
enhanced the expression of oxygen-evolving complex (OEC)-related
genes and proteins within the photosystem II (PS 1) complex, thereby
augmenting oxygen production through strategic anchoring to the
chloroplast’s outer membrane (Fig. 1d). Furthermore, the respiratoid
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Fig. 1| The comparison of the conventional alginate microcapsule and the
respiratoid biosystem for therapeutic cell encapsulation under a hypoxic
microenvironment. a The workflow for this study on the respiratoid biosystem. (1)
CTP is conjugated to alginate (Al-CTP) for the matrix of respiratoid biosystem. (2)
Respiratoid biosystem is implemented with AI-CTP and isolated chloroplasts. (3)
CTP anchored to the outer chloroplast membrane. (4) This CTP not only augments
the structural stability of isolated chloroplasts but also upregulates key

photosynthesis-associated genes. b Dysfunction of encapsulated cells in alginate
microcapsule due to hypoxic stress. ¢ Maintenance of encapsulated cell’s function
in the respiratoid biosystem due to sustained oxygen supply from the isolated
chloroplasts activated by the CTP. The isolated chloroplasts can produce oxygen by
consuming CO,, a cellular respiration by-product. d The magnified illustration
depicts the CTP anchored to the isolated chloroplast’s outer membrane.
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biosystem demonstrated efficacy in sustaining oxygenation even in
hypoxic conditions. Collectively, the respiratoid biosystem holds
promise as a solution to address clinical challenges in tissue engi-
neering associated with oxygen deficiency.

Results

Increased structural stability and oxygenation of isolated
chloroplasts with CTP

To investigate whether the oxygenation efficiency of the isolated
chloroplasts differs depending on the plant species, we measured their
oxygen levels in hypoxic conditions (1% pO,). We selected spinach
(Spinacia oleracea) as a chloroplast source due to its ability to maintain
high oxygen levels for 20 h (Supplementary Fig. 1a). Moreover, the
oxygen levels to the concentration of the isolated chloroplasts aimed
at optimizing their functionality showed a positive correlation. We
considered that excess ROS could be generated due to the Mehler
reaction when chloroplasts are in excess?. Therefore, we determined
that the optimal concentration to be used in vitro was 1.5 x 10° mL™ for
maximizing oxygen production while minimizing the production of
cytotoxic H,0, (Supplementary Fig. 1c)*.

First, we confirmed the effect of the CTP on isolated chloroplast.
The CTP with a sequence of Met(M)-Phe(F)-Ala(A)-Phe(F)-GIn(Q)-
Tyr(Y)-Leu(L)-Leu(L)-Val(V)-Met(M) was derived from the TMD of the
TOC34 of Arabidopsis thaliana (At), which is known to anchor the
outer membrane of the chloroplast (Fig. 2a, b)**. The purity and m/z
value of CTP were 97.58% and 1261.65 Da, respectively (Supplementary
Fig. 2a, b). We confirmed that CTP completely covered the surface of
the isolated chloroplasts without damaging their structure for 20 h
incubation, as shown by Rhodamine B staining, which confirmed the
integrity of the chloroplasts (Supplementary Fig. 2c)*. The anchoring
ability of CTP was maintained over 60 min as estimated by confocal
microscopy. Thus, we refined the reaction time between the chlor-
oplast and the CTP to 60 min, ensuring sufficient anchoring of chlor-
oplast and CTP molecules (Supplementary Fig. 2d-f). The quantified
release of chlorophyll notably diminishes after treatment CTP, sug-
gesting its capacity to stabilize the structure of isolated chloroplast
(Fig. 2c and Supplementary Fig. 2g)**?. Therefore, the concentration
of chloroplasts remaining after 14 days is higher following CTP treat-
ment (Supplementary Fig. 2h).

Next, we evaluated whether the CTP could improve the oxygen-
generating capability of isolated chloroplast in a hypoxic condition
with (w/) or without (w/0) light exposure. In parallel, we introduced
aluminum (AP") to the chloroplast, which is known to inhibit oxygen
evolution by damaging the subunit of photosystem Il (PS 1I)*. CTP-
treated chloroplasts maintained significantly higher oxygenation at
20 h, despite the treatment of AP* and/or no light (Fig. 2d and Sup-
plementary Fig. 3a). Moreover, the CTP-treated chloroplast showed
higher effective quantum efficiency of PS II (Y(II)), electron transport
rate (ETR), the apparent quantum yield (o), and maximum photo-
synthesis rate (P.,) values compared to those treated with AP* alone
(Fig. 2e and Supplementary Table 1).

To investigate how CTP could improve the photosynthetic effi-
ciency, we isolated the PS Il complex comprised of three extrinsic
proteins associated with oxygen-evolving (water-oxidation) activity in
photosynthesis: PsbO (33 kDa), PsbP (23kDa), and PsbQ (17 kDa)
(Fig. 2f)*2, Upon analyzing PS Il by SDS-PAGE, a significant increase in
the expression of PsbO, PsbP, and PsbQ subunits was maintained for 14
days after CTP treatment, compared to those treated with AP* alone
(Fig. 2g, h, and Supplementary Fig. 3b, c). Correspondingly, the CTP-
treated PS Il maintained remarkably higher oxygenation for 20h,
despite the treatment of AP' (Fig. 2i). Based on these findings, we
found that CTP could enhance the photosynthetic efficiency of
chloroplast by maintaining the structural stability and increasing the
content of PS Il subunit in isolated chloroplasts. Additionally, we tested
the effect of CTP on chloroplasts isolated from 4 different plant

species to establish that CTP derived from Arbidopsis thaliana can also
target chloroplasts of other plant species and improve oxygenation.
The results confirmed that CTP could act universally on isolated
chloroplasts regardless of the plant species (Supplementary Fig. 4).

Characterization of the molecular functionality of CTP to
chloroplast with RNA-seq

To investigate what kinds of CTP-derived molecules were modulated
for oxygen generation, we tried to identify the correlation between
CTP and chloroplasts in molecular functions based on genetic infor-
mation using RNA sequencing (RNA-seq). As a result of the analysis, a
list of significantly upregulated genes was identified, and gene groups
were identified using Gene Set Enrichment Analysis (GSEA)*. First, CTP
treatment could significantly increase greater RNA contents (Supple-
mentary Fig. 5). Using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) functional annotation, we compared the
expression levels of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthologous groups between the without and with CTP
treatment®**, This analysis revealed that a total of 9 enriched pathways
were upregulated at the gene level when chloroplast was treated with
CTP. Then Gene Ontology (GO) analysis of mRNA-sequencing (mRNA-
seq) quantifications was used to compare differences in gene expres-
sion (DEGs) in each pathway in chloroplast with and without CTP
treatment (Fig. 3a). Much of these genes were associated with photo-
synthesis and were involved in the operation of thylakoid membrane
proteins (Fig. 3b)***. In addition to the production of photosynthetic
proteins, a notable upregulation of chloroplast ribosomal proteins was
observed by CTP treatment (Fig. 3c). From these results, we found that
the regulatory signal of CTP could overexpress the genes associated
with photosynthesis and protein translation in the chloroplast. Col-
lectively, this regulatory signal of CTP might promote the synthesis of
the thylakoid membrane proteins to ultimately activate photosynth-
esis and oxygenation (Fig. 3d).

To further investigate chloroplast and CTP molecular profiles,
we evaluated whether the treated CTP induces the gene expression
related to chloroplast protein structure and photosynthesis path-
way. To this end, we designed small interfering RNA (siRNA)
sequences with a Turbo si-Designer algorithm for eliminating non-
functional siRNA sites and measured the mRNA level of PS II and
ribosome subunit after transfection of siRNAs that were (i) a key
protein of the PS II, protein D1 genes (psbA), (ii) the largest extrinsic
subunit of the OEC in PS II, protein O genes (psbO), (iii) a subunit of
ribosome large units that related mRNA translation pathways,
ribosomal protein S12 genes (rps12), and (iv) a subunit of ribosome
small units, ribosomal protein L14 genes (rpli4). Notably, we found
that CTP treatment significantly upregulated mRNA levels of psbA,
psbO, rpsi2, and rpli4 although siRNAs were transfected into the
chloroplast in hypoxic or normoxic environment (Fig. 3e and Sup-
plementary Fig. 6). In terms of oxygenation, CTP treatment nor-
mally restored the function of siRNA-treated chloroplast regardless
of siRNA transfection (Fig. 3f). Collectively, these results suggested
that CTP treatment could induce a molecular reaction with
oxygenation-related genes in chloroplasts.

Optimization of the respiratoid biosystem

To fabricate a respiratoid biosystem, we chemically conjugated the
N-terminus of the CTP to the carboxyl group of biocompatible alginate
(Al) according to the feed molar ratio by using carbodiimide chemistry
(Supplementary Fig. 7a). The CTP was successfully conjugated to
alginate via an amide bond to obtain Al-CTP conjugate (Supplementary
Fig. 7b-k). In addition, we observed the formation of Al-CTP hydrogels
which were composed of the AI-CTP conjugates via an ionotropic
cross-linking reaction (Supplementary Fig. 71). Additionally, rheologi-
cal analysis was performed to verify the rigidity of the hydrogels. As a
result, the storage and loss modulus of Al-CTP hydrogels were similar
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to those of conventional alginate hydrogel, in contrast to the 1:10 and
1:50 ratios (Supplementary Fig. 7m, n). These results demonstrated
that the conjugation of CTP to alginate does not affect the formation of
hydrogels. Thereby, we optimized the feed molar ratio of 1:1 for test-
ing. The CTP conjugation efficiency was approximately 75.36%, con-
firming efficient conjugation to alginate at the 1:1 feed molar ratio

(Supplementary Fig. 70).
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To evaluate the oxygenation capacity of the isolated chloroplasts
based on the bonding type between CTP and alginate, we measured

rocapsules made by mixing alginate with CTP

and chloroplasts, as well as microcapsules made using AI-CTP con-
jugate and chloroplasts.

We found that the oxygenation efficiency of
s is higher when CTP is conjugated to alginate

than non-conjugated CTP microcapsules (Supplementary Fig. 8). To
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Fig. 2 | Structural stability and photosynthetic capacity of isolated chlor-
oplasts after CTP treatment. a Schematic illustration of chloroplast’s structure
and membrane. Chloroplast is constructed of a lipid bilayer membrane structure.
The complexes of the translocon at the outer and inner envelope membrane of
chloroplasts (TOC and TIC) mediate preprotein translocation across the chlor-
oplast membrane. The sequence of the transmembrane domain (TMD) on TOC34, a
34-kDa integral membrane protein, is utilized as the source for chloroplast transit.
Schematics is created in BioRender. Kim, H. (2024) BioRender.com/c78y188.

b Chemical structure of CTP (MFAFQYLLVM). ¢ Cumulated chlorophyll released
from the destroyed chloroplasts for 14 days assessed by measuring absorbance
430 nm. Data were expressed as mean + S.D. (n =5 biological independent chlor-
oplasts). Statistical significance for the comparison between chloroplast and
chloroplast (+CTP) on each day was determined by unpaired, two-tailed t-test.
P=0.081 (day 0), P=0.9240 (day 1), P= 0.0013 (day 3), P< 0.001 (day 5), P< 0.001
(day 7), P<0.001 (day 10), P< 0.001 (day 14). d Comparison of oxygen levels of
each chloroplast without (left) and with light exposure (right) at each time point
under hypoxic conditions (1% pO,). Data were expressed as mean + S.D. (n=3
biological independent chloroplasts). a-d: statical significant differences (P < 0.05)
in one-way ANOVA with two-sided Duncan’s multiple range test with adjustments
for multiple comparisons. w/o light: P=1.0 (time: O h), P<0.001 (time: 5 h),

P<0.001 (time: 10 h), P<0.001 (time: 20 h). w/ light: P=1.0 (time: O h), P<0.001
(time: Sh), P< 0.001 (time: 10 h), P< 0.001 (time: 20 h). e Effects of CTP on the Y(II)
(left) and ETR (right). Magnified Y(II) kinetics from O to 200 PAR in the Y(Il) graph.
Data were expressed as mean * S.D. (n =3 biological independent chloroplasts).
fSchematic illustration of PS Il complex structure including OEC ((Mn)4CaOs) and 3
extrinsic proteins (PsbO, PsbP, and PsbQ). g SDS-PAGE profile of each PS Il complex
at 14 days after isolation. Each lane and sample treatments are described in
Methods. Schematics is created in BioRender. Kim, H. (2024) BioRender.com/
r701387. h Comparison of band intensity of PsbO, PsbP, and PsbQ subunit in each
PS Il complex according to g. Filled bar: w/o light. Empty bar: w/ light. Each protein
level is expressed as relative band intensity quantified by Image J. Data were
expressed as mean + S.D. (n =3 biological independent PS II). i Comparison of
oxygen levels of each PS II at each time point under hypoxic conditions. Data were
expressed as mean + S.D. (n =3 biological independent PS II). a-d: statical sig-
nificant differences (P < 0.05) in one-way ANOVA with two-sided Duncan’s multiple
range test with adjustments for multiple comparisons. P=1.0 (time: 0 h), P<0.001
(time: 5 h), P<0.001 (time: 10 h), P< 0.001 (time: 20 h). Statistical significance was
determined by unpaired, two-tailed t-test in ¢ and h. Source data are provided as a
Source Data file.

establish the comprehensive respiratoid biosystem, it is essential for
the AI-CTP conjugate to interact effectively with isolated chloroplast.
In addition, ensuring structural stability is crucial, especially when
incorporating therapeutic cells. Consequently, we systematically
assessed the feasibility of forming the respiratoid biosystem by
encapsulating the AI-CTP conjugate, chloroplast, and therapeutic cells
in the encapsulator (Supplementary Fig. 9). This involved optimization
of conditions, considering factors such as size and spherical shape
across various settings (encapsulator setting condition, like frequency,
electrode, and flow rate) (Supplementary Table 2 and Supplementary
Fig. 10). Furthermore, the oxygen production rate of the respiratoid
biosystem was not affected although the mechanical property of the
respiratoid biosystem was changed with different Ca®* concentration
(Supplementary Fig. 11), suggesting that the degradability of respir-
atoid biosystem could be simply controllable by different Ca** con-
centration without affecting oxygen production.

Enhanced viability and functionality of therapeutic insulin-
secreting islets encapsulated in respiratoid biosystem

To investigate whether the chloroplast influenced the morphology of
microcapsules, each group of microcapsules was examined by scan-
ning electron microscopy (SEM) analysis. SEM microscopy showed
that all microcapsule groups displayed a spherical shape and a com-
pact structure (Supplementary Fig. 12). Moreover, the surface of Al-Ch
and the respiratoid biosystem exhibited the existence of chloroplasts
within them, as indicated by their non-homogeneous microstructure.
We observed the successful encapsulation of the pancreatic islets in all
microcapsule groups (Fig. 4a). To confirm the stability of the chlor-
oplast encapsulated within the microcapsule, we measured the
amount of chlorophyll released from the microcapsule (Fig. 4b and
Supplementary Fig. 13a). The respiratoid biosystem showed a lower
amount of chlorophyll release for 14 days, compared to Al-Ch. How-
ever, both microcapsules encapsulating chloroplasts have remained
spherical shape for 14 days. (Supplementary Fig. 13b). Next, we asses-
sed whether the respiratoid biosystem could generate oxygen under
hypoxic conditions (Supplementary Fig. 14a, b). The respiratoid bio-
system also remarkably increased oxygen levels and maintained them
compared to other microcapsules (Fig. 4c, d). We also confirmed that
the area under curve (AUC) value, an indicator of total oxygen pro-
duction, of the respiratoid biosystem was significantly higher than that
of both the AI-CTP and Al-Ch microcapsule (Supplementary Fig. 14c).
Even though oxygen-consuming islets were encapsulated, the respir-
atoid biosystem still highly generated and sustained oxygen level.
(Supplementary Fig. 14d-f).

Next, we assessed the effect of the respiratoid biosystem on the
viability of encapsulated insulin-secreting islets in hypoxic conditions.
The islet enclosed within the respiratoid biosystem demonstrated
sustained viability, as evidence by a reduced incidence of cell death
signals compared to both intact islets and AI-CTP microcapsule
(Fig. 4e). While the viability of intact islets was significantly decreased
in hypoxic conditions, islets encapsulated within the respiratoid bio-
system exhibited a remarkable improvement in viability (Fig. 4f). To
evaluate the capacity of the respiratoid biosystem to sustain the
functionality of encapsulated islets, we conducted a glucose-
stimulated insulin secretion (GSIS) test. In the hypoxic environment,
islets experienced impaired glucose responsiveness, leading to a
malfunction in insulin secretion (Fig. 4g). Nevertheless, islets encap-
sulated within the respiratoid biosystem exhibited a similar insulin
secretion pattern to the islet in normoxic conditions, even when sub-
jected to hypoxic conditions. In addition, the stimulation index (SI), a
marker of glucose responsiveness, for islets within the respiratoid
system was fully restored despite the hypoxic environment (Fig. 4h).
Immunostaining was performed to assess the expression of HIF-1a (red
color) and insulin (green color) in encapsulated islets (Fig. 4i). We
chose HIF-1a as a representative biomarker of hypoxia due to its high
specificity for hypoxia compared to other markers®™°. In general,
under normoxic condition (21% p0O,), HIF-1a is degraded via its asso-
ciation with the prolyl hydroxylase domain (PHD) and von Hippel-
Lndau (VHL) protein. Under hypoxic condition (1% pO,), the activity of
PHD protein is inhibited due to lack of oxygen, resulting in the accu-
mulation of HIF-1a. As result, Encapsulated islets in the respiratoid
biosystem showed significantly lower HIF-1a and higher insulin inten-
sity under hypoxic conditions compared to other microcapsule
groups.

Improved therapeutic effect of insulin-secreting pancreatic
islets in the respiratoid biosystem in vivo
To extend the application of respiratoid biosystem for tissue engi-
neering, an islet xenotransplantation was implemented. We conducted
subcutaneous (SQ) transplantation to assess the oxygenation of the
respiratoid system. Additionally, we performed intraperitoneal (IP)
transplantation to evaluate the efficacy of the islets within the respir-
atoid for curing type 1 diabetes (T1D) (Supplementary Fig. 15). The
chloroplast concentration used in the respiratoid biosystem was
optimized for in vivo experiments (Supplementary Figs. 16 and 17).
To evaluate the oxygenation capacity of the respiratoid biosys-
tem, we measured oxygen levels in the subcutaneous region following
implantation (Supplementary Fig. 18). Despite the typically low oxygen
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pressure in the subcutaneous region of the body, a significant increase
in oxygen levels was detected after the subcutaneous implantation of
the respiratoid biosystem with the oxygen-consuming islets
(Fig. 5a)""*2, We found that the hydrogel microcapsules possessed
sufficient water for photosynthesis even after an extended time
(Supplementary Figs. 19 and 20)*. To assess glycemic correction with
the respiratoid biosystem through subcutaneous transplantation, we

monitored body weight and blood glucose levels of the diabetic mouse
(Supplementary Fig. 21). The respiratoid biosystem exhibited superior
efficacy compared to AI-CTP microcapsules in maintaining blood-
glucose levels at least 14 days. Furthermore, immunostaining of the
subcutaneously implanted respiratoid biosystem with islets revealed
lower levels of HIF-1a (red color) and higher levels of insulin (green
color) (Fig. 5b and Supplementary Fig. 22). In addition, the findings

Nature Communications | (2024)15:9151


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53246-w

Fig. 3 | Scaling up of the isolated chloroplast’s photosynthesis by CTP treat-
ment. a Gene Ontology (GO) analysis of mRNA-sequencing (mRNA-seq) quantifi-
cations. The upregulated gene list treated with CTP (P < 0.05) was subjected to
DAVID functional annotation. This analysis resulted in the identification of gene
clusters that corresponded to specific GO annotation terms. Extracted GO terms
corresponding to biological processes (KEGG_PATHWAY). Plot depicting the sig-
nificantly associated terms (P < 0.05) with the gene list. The numbers of total genes
for each term are represented as a percentage of the total list of KEGG genes.
Additionally, the fold change and the adjusted P-value are provided for each term.
Statistical significance was determined using an unpaired, two-tailed t-test. Results
are expressed as -log (adjusted p-value), transforming smaller p-values into larger
values to improve clarity and enable easier comparison and visualization of sta-
tistical significance. (n =3 biological independent chloroplasts). b Functional
cluster analysis of the significantly upregulated gene list (P < 0.05) following CTP
treatment, performed using DAVID. The analysis resulted in the identification of
distinct gene clusters. The representation of the most significantly enriched cluster
showcases GO terms associated with cell proliferation and movement. Filled circles
represent GO terms. Schematic representation of the association between GO
terms and their corresponding genes. Lines connect the GO terms to the respective

genes, while the fold change for each term is indicated. ¢ Heatmap of the relative
abundance of chloroplast compositional genes profiling related to the photo-
synthesis, electron transport chain, and translation compared by KEGG. Z scores
are calculated from Reads Per Kilobase of transcript per Million mapped reads
(RPKM). d Schematic illustration depicting the regulatory signaling pathway by
which CTP enhances the oxygen-releasing capacity of the chloroplast, leading to
elevated rates of protein synthesis and subsequent activation of photosynthesis.
e qRT-PCR results of chloroplast treated with CTP (0.2 mM) and transfected with
siRNA (100 uM) of psbA, psbO, rps12, and rpli4 under hypoxic conditions (1% pO,).
The relative mRNA expression level was normalized to that of ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL). Ch: Chloroplast. Sample
treatments are described in Methods. Data were expressed as mean = S.D. (n=3
biological independent chloroplasts). f Oxygen kinetics of chloroplast treated with
CTP and transfected with siRNA of psbA, psbO, rps12, and rpl14 at 37 °C for 20 h
under hypoxic conditions. Data were expressed as mean + S.D. (n = 6 biological
independent chloroplasts). The shadowed area: S.D. Statistical significance was
determined by unpaired, two-tailed t-test in e. Source data are provided as a Source
Data file.

suggested that macrophages infiltration into the implanted respiratoid
biosystem was not pronounced, providing enhanced protection for
the islet. Moreover, the transplanted region of the respiratoid biosys-
tem exhibited minimal fibrosis and normal histological characteristics,
leading to the long-term preservation of nutrients/oxygen diffusion
and insulin secretion (Fig. 5S¢ and Supplementary Fig. 23)*¢,

To examine the impact of fibrosis and hypoxia on the implanted
respiratoid biosystem with islets, we conducted intraperitoneal
implantation in diabetic mice. Mice implanted with AI-CTP micro-
capsule with islets experienced a return to hyperglycemia after 30 days
(Fig. 5d and Supplementary Fig. 24). We retrieved some AI-CTP
microcapsules at day 50 post-transplantation for analysis of their
rejection (Supplementary Fig. 25a, b, and d). In contrast, mice
implanted with the respiratoid biosystem with islets maintained nor-
mal glucose level for over 85 days without rejection of microcapsules.
At day 100 post-transplantation, the vast majority of respiratoid bio-
systems were freely floating in the peritoneal cavity with minimal
adhesion to the abdominal organs, while still encapsulating islets in the
respiratoid biosystems (Fig. 5e). Their morphology remained clean and
transparent after 100 days of implantation (Supplementary Fig. 25c).

Immunostaining of the retrieved respiratoid biosystem with islets
at day 50 and 100 post-implantation showed lower HIF-1a (red color)
and higher insulin (green color) expression (Fig. 5f, Supplementary
Fig. 26). Intraperitoneal glucose tolerance test (IPGTT) performed at
day 30, 50, and 100 post-transplantation showed that the pattern of
blood glucose and serum insulin level in mice with respiratoid bio-
system were similar to those in non-diabetic healthy mice (Fig. 5g and
h, Supplementary Figs. 27 and 28). Collectively, our findings suggest
that the respiratoid biosystem can generate oxygen to support the
therapeutic effect of encapsulated cells without altering correlation
between blood glucose and serum insulin.

Discussion

Oxygen-releasing biomaterials (ORBs) have shown potential for
delivering oxygen to hypoxic areas but have limitations, particularly
in generating harmful free radicals'. This process involves hydro-
lyzing solid inorganic peroxides to form H,0,, which then decom-
poses into water and oxygen*’. Excessive H,0, can cause oxidative
stress and cell apoptosis, and it can also react with Fe* ions to
produce toxic hydroxyl radicals*®. To mitigate these effects, both
enzyme and non-enzyme-based antioxidants must be incorporated
into scaffold. Studies have shown that higher concentrations of
calcium peroxide (CaO,) in hydrogels affect cell viability, while
adding catalase enzyme***°. Interestingly, encapsulating CaO, in
polycaprolactone (PCL) microparticles within gelatin methacryloyl

(GelMA) scaffolds enhances cell viability and proliferation by pro-
viding controlled and sustained oxygen release®*>. However, CaO,-
laden GelMA scaffold can maintain shortly oxygen generation. On
the other hand, photosynthetic algae also have been used as
oxygen-generating biomaterials (OGBs) due to their continuous
oxygen production through photosynthesis, but their application is
limited to light-exposed areas and requires further safety
studies®***. In this study, we first demonstrated that the respiratoid
biosystem, equipped with plant chloroplasts and biocompatible
alginate-CTP conjugate, can aim to provide spontaneous oxygena-
tion without an antioxidant and light for a long time.

Upon examining the molecular dynamics, our study reveals the
impact of CTP treatment on gene expression within chloroplasts,
particularly in the context of photosynthesis-related proteins. Unlike
conventional approaches requiring ribozyme technology, our findings
suggest that CTP can induce targeted gene expression without such
intervention®*®. Acting as RNA-binding proteins or regulatory ele-
ments, CTP enhances mRNA stability and translation efficiency. This
translational rate regulation accelerates protein synthesis, leading to
an increased production of chloroplast genome-encoded proteins
associated with photosynthesis and thylakoid membrane functions.
Moreover, the CTP-induced elevation of extrinsic proteins in the
Oxygen-Evolving Complex (OEC) of photosystem II (PS II) suggests
improved stability in water oxidation®*®, This enhancement in oxy-
genation, coupled with activation of photosynthesis through the
electron transport chain, implies the contribution of CTP to the overall
photosynthetic reaction. Additionally, the role of Mn,CaOs cluster in
scavenging reactive oxygen species (ROS) aligns with the potential of
our respiratoid biosystem to generate oxygen in the absence of light,
addressing a key limitation associated with other ORB*. The upregu-
lation of extrinsic proteins within OEC, including PsbO, PsbP, and
PsbQ, in response to CTP treatment draws attention. They are playing a
critical role in stabilizing the active site of water oxidase (Mn,CaOs
cluster) and regulating chloride and/or calcium, suggests an
improvement in oxygenation by enhancing water oxidation stability®.
This intricately contributes to the activation of photosynthesis
through the electron transport and proton gradient, maximizing in the
synthesis of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH) via the electron transfer chain (ETC)
on the thylakoid membrane®.

To ensure the efficacy of ORBs, it is essential to conduct in vivo
and clinical studies. Our study demonstrates respiratoid biosystem’s
ability to provide sustained oxygenation to transplanted islets in a
diabetic mice model, extending their survival for at least 85 days. This
has implications for treating conditions such as T1D, where pancreatic
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islets exhibit a heightened oxygen demand for normal functionality®.
Currently, the size of clinically implanted tissue-engineered constructs
is generally limited to a few centimeters (1-2 cm) due to the diffusion
constraints of oxygen and nutrients®’. We anticipate that the respir-
atoid biosystem can overcome the size limitations by fabricating
macro-scale constructs for tissue engineering, ensuring sufficient

oxygenation and nutrient diffusion. To this end, we can use the
respiratoid biosystem as a bio-ink to fabricate the macro-scale con-
struct with 3-dementional bioprinting. Overall, our developed respir-
atoid biosystem presents an approach that holds promise for
advancing the field of ORBs, particularly in the context of prolonged
cellular support and potential applications in cell therapies.
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Fig. 4 | The viability and functionality of islets encapsulated within the
respiratoid biosystem. a Schematic illustration and bright field images of encap-
sulated islets in each microcapsule. Al: alginate microcapsule. AI-CTP: microcapsule
using Al-CTP conjugate, Al-Ch: microcapsule using alginate and chloroplast. Scale
bar: 250 pm. Schematics is created in BioRender. Kim, H. (2024) BioRender.com/
v89u207. b Cumulated chlorophyll released from the microcapsules for 14 days was
assessed by measuring absorbance 430 nm. Data were expressed as mean + S.D.
(n=4 biological independent chloroplasts). Statistical significance for the com-
parison between Al-Ch (w/o islet) microcapsule and respiratoid biosystem (w/o
islet) on each day was determined by unpaired, two-tailed t-test in b. P= 0.094 (day
0), P=0.1405 (day 1), P=0.0319 (day 3), P=0.0017 (day 5), P<0.001 (day 7),
P=0.0010 (day 10), P=0.0014 (day 14). Oxygen kinetics of each microcapsule
under hypoxic conditions. Dissolved oxygen of microcapsules without (c) or with
(600 IEQ 150 microcapsules™) oxygen-consuming islet (d) was measured by placing
the same number of microcapsules per well. Magnified oxygen kinetics from 600 to
1200 min (right). Data were expressed as mean or mean + S.D. (n =3 biological
independent cells). a-d: statical significant differences (P < 0.05) in one-way
ANOVA with two-sided Duncan’s multiple range test with adjustments for multiple
comparisons. e Viability of intact islets and encapsulated islets after 20 h incubation

under hypoxic conditions assessed by live/dead assay. Green fluorescence (calcein-
AM): live cells. Red fluorescence (EthD-1): dead cells. Scale bar: 250 um. (n=4
biological independent cells). f Viability of intact islets and encapsulated islets after
20 h incubation under normoxic or hypoxic conditions assessed by quantitative
CCK-8 assay. Data were expressed as mean + S.D. (n = 4 biological independent
cells). g Glucose-stimulated insulin secretion (GSIS) of intact islets and encapsu-
lated islets after 2 h incubation with low glucose (2.8 mM) and high glucose

(20.2 mM) conditions. Data were expressed as mean + S.D. (n = 4 biological inde-
pendent cells). h Stimulation indexes (SI) of intact islets and encapsulated islets
assessed by GSIS assay. Data were expressed as mean + S.D. (n =4 biological
independent cells). P< 0.001 (intact islet under normoxia versus intact islet under
hypoxia), P=0.0011 (intact islet under hypoxia versus respiratoid biosystem under
hypoxia). i Representative immunofluorescence images of islets after 20 h incu-
bation under normoxic or hypoxic conditions. Green fluorescence: the expression
of insulin (INS). Red fluorescence: the expression of HIF-1a. Blue fluorescence: islet
nuclei (NUC) stained with DAPI. Scale bar: 200 pm. (n = 4 biological independent
cells). Statistical significance was determined by unpaired, two-tailed t-test in

b, f, g, and h. Source data are provided as a Source Data file.

Methods

Material and reagents

Coupling reagents, cleavage cocktail reagents, D-sorbitol, Tris-Cl,
magnesium chloride (MgCl,), sodium chloride (NaCl), EDTA, bovine
serum albumin (BSA), percoll, 4-Morpholineethanesulfonic acid (MES),
N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrocloride
(EDC-HCI), N-Hydroxysuccinimide (NHS), deuterium oxide (D,0), cal-
cium chloride (CaCl,), HEPES, sodium cacodylate, glutaraldehyde
solution, sucrose, medium 199, histopaque-1077, fetal bovine serum
(FBS), D-(+)-Glucose solution, paraformaldehyde, glutaraldehyde,
dimethyl sulfoxide (DMSO), and Tween-20 were purchased from
Sigma-Aldrich, MO, USA. Fresh spinach from Takara species was pur-
chased at a grocery store in Seoul, Republic of Korea. Trt-Cl resins and
all Fmoc amino acids were purchased from GL Biochem (Shanghai,
China). Hydroxybenzotriazole (HOBt), hexafluorophosphate benzo-
triazole tetramethyl uronium (HBTU), N, N-diisopropylethylamine
(DIPEA), dimethylformamide (DMF), trifluoroacetic Acid (TFA), etha-
nedithiol (EDT), thioanisole, triisopropylsilane (TIS), ether, and tri-
fluoroacetic acid were purchased from Daejung chemical (Korea).
Sodium alginate (PRONOVA UP LVG) with a low viscosity and a G/M
ratio (=1.5) was purchased from FMC BioPolymer, Philadelphia, USA.
Chloroplast-Transit-Peptide (CTP) and CTP conjugated fluorescein
isothiocyanate (FITC) (CTP-FITC) were synthesized by Peptron, Dae-
jeon, Republic of Korea. 6,000-8,000 MWCO (Molecular Weight Cut-
Off) dialysis membrane, Pierce™ BCA Assay Kit, Opti-MEM® Medium,
Lipofectamine RNAIMAX Transfection Reagent, and Permount were
purchased from Thermo Fisher Scientific, USA. RPMI-1640 medium,
LIVE/DEAD™ Viability/Cytotoxicity Kit, and Pico Green Quantitative
DNA Assay Kit were purchased from Invitrogen, La Jolla, CA. Penicillin-
streptomycin was purchased from Gibco, Carlsbad, CA. Cell counting
kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies,
Rockville, MD, USA. Anti-HIF-1a was purchased from Abbkine, Wuhan,
China, and Anti-insulin was purchased from Santa Cruz Biotechnology
Inc, Texas, USA. Coomassie Protein Stain, Alexa Fluor 488 goat anti-
rabbit IgG, and Alexa- Fluor 594 goat anti-mouse IgG were purchased
from Abcam, MA, USA. AMPIGENE® cDNA Synthesis Kit and AMPI-
GENE® qPCR Green Mix Lo-ROX were purchased from Enzo Life Sci-
ences, USA. The primer sequences used were as follows (Table 1).

Synthesis of Chloroplast-Transit-Peptide (CTP)

The Fmoc protecting group was removed by rocking in 20 % piperidine
in DMF for 10 min (twice) and coupling was carried out using Fmoc
amino acid (8 eq), HOBt (8 eq), HBTU (8 eq), and DIPEA (16 eq) in DMF
for 2 h. In each step, the resin was washed using DMF and methanol for
2 times each. When the desired sequence was complete, the crude

peptide was cleaved from the resin using a mixture of TFA/ EDT/
thioanisole/ TIS/ distilled water (D.W) (90/ 2.5/ 2.5/ 2.5/ 2.5 volume) for
2 h. The solution was precipitated with cold ether and made into pel-
lets using a centrifuge. The solid was collected and air-dried. Crude
peptide was dissolved in D.W and purified by the reverse phase HPLC
(Shimadzu Prominence HPLC, Japan) using ACE 10 C18-300 column
(21.2 mm x 250 mm, 10 pm, England). Elution was carried out with a
water-acetonitrile linear-gradient (10-75% (v/v) of acetonitrile) con-
taining 0.1% (v/v) trifluoroacetic acid. Collect the pure portion of CTP,
which was further lyophilized.

Isolation of chloroplast from spinach

Before isolating the chloroplasts, chloroplast isolation buffer (CIB, pH
7) was prepared. To make the CIB, 0.33 M D-sorbitol, 0.1 M Tris-Cl (pH
7.8), 5mM MgCl,, 10 mM NaCl, and 2 mM EDTA were added to deio-
nized water. After that, fresh spinach was washed in water. 35 g of leaf
fragments from spinach and 100 mL of CIB with BSA (0.1% w/v) were
put together in a cold blender (BL311E; TEFAL, Republic of Korea) and
ground for 30 s. The blended solution was collected in tubes using a
mesh filter and centrifuged at 1295g at 4 °C for 1 min. After cen-
trifugation, supernatants were centrifuged at 1295 g for 7 min at 4 °C.
The pellet was resuspended in CIB with BSA. The solution was layered
on percoll gradients (40% and 80%) carefully and centrifuged at 3315 g
at 4 °C for 10 min. Then, an intact chloroplast layer between the percoll
gradients was collected and washed in CIB without BSA and stored in
ice condition.

Measurement of released chlorophyll from chloroplasts
Chloroplasts (1.5 x 10° chloroplasts mL™) diluted in a culture medium
(RPMI-1640 medium with 10% FBS and 1% penicillin-streptomycin)
were treated with 0.2 mM CTP and incubated at 37 °C and 5% CO, for
14 days and the medium was changed every two days while washing to
prevent contamination. The samples were centrifuged at 14,000 g for
2 min. After centrifugation, the absorbance of the supernatants was
measured at 430 and 662 nm, specific for chlorophyll a, using a
SpectraMax M2 microplate reader (Molecular Devices Inc., Sunnyvale,
CA, USA). In the case of microcapsules, the absorbance of the culture
medium was measured.

Oxygen production measurement

Chloroplast (7.5 x 108 chloroplasts mL™) and PS Il submembrane
fraction (100 pg chlorophyll mL™) samples in a culture medium and
an assay medium, respectively were transferred to each 24-well
plate which is attached to an oxygen sensor patch (PreSens GmbH,
Regensburg, Germany). The assay medium contained 20 mM MES-
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NaOH (pH 6.2), 1 mM NacCl, 0.5 mM MgCl,, and 0.35 mM DCBQ (2.5- (1% pO,) conditions using the Sensor©DishReader system (PreSens
dichlorobenzoquinone) as PS Il electron acceptor. In the case of GmbH, Regensburg, Germany) according to the manufacturer
chloroplast, chloroplast was treated with 0.2 mM CTP and 5mM AP**  instructions. Using a fluorometric oxygen sensor, this system
for 1h and 30 min, respectively. For analysis of CTP-treated mRNA  monitors the percentage of dissolved oxygen content (mmHg) in
upregulation, chloroplast was treated with 0.2 mM CTP and 100 pM  each medium for 20 h. The oxygen concentration was expressed as
siRNA for 1h. Afterward, the dissolved oxygen concentration of a decreasing level over time from the initial concentration after
samples was measured every 30 min at 37 °C for 20 h under hypoxic  normalizing the initial concentration of each group to 100%, which
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Fig. 5| Xenotransplantation of islets encapsulated in the respiratoid biosystem
for long-term survival and glycemic correction functionality. a Comparison of
oxygen levels of the transplanted subcutaneous region of each group at 14 days.
Data were expressed as mean + S.D. (n = 6 biological independent animals). b
Representative immunofluorescence images of the transplanted subcutaneous
region at day 14. Sham group: surgery control group. Green fluorescence: the
expression of insulin (INS), Red fluorescence: the expression of HIF-1a, Blue
fluorescence: islet nuclei (NUC) stained with DAPI, Dashed line: epidermis border.
Arrow: transplanted microcapsules. Scale bar: 100 pm. (n =3 biological indepen-
dent cells). ¢ Hematoxylin & Eosin (HE) and masson’s trichrome (MT) staining
images of subcutaneous region transplanted in each group (w/ islet) at day 14 post-
transplantation. Circle: encapsulated islets in microcapsules (in HE) and fibrosis
region (in MT). Scale bar: 250 um. d Non-fasting blood glucose levels of the STZ-
induced diabetic recipients after intraperitoneal xenotransplantation (1,500 IEQ
per mouse) with AI-CTP microcapsules (left) and respiratoid biosystem (right).
Arrow: the day of transplantation, Dashed line: normoglycemia (< 200 mg dL™).

e Bright field images of their abdomen after retrieving free-floating capsules by
lavage, 100 days after intraperitoneal transplantation (upper) and the H&E staining
images of the retrieved respiratoid biosystem from the peritoneal cavity at day 100
(bottom). Circle: the floated microcapsules in the peritoneal cavity. Scale bar:

250 um. f Representative immunofluorescence images of encapsulated islets in Al-
CTP microcapsules and respiratoid biosystem transplanted into the peritoneal
cavity at day 50 and 100. Green fluorescence: the expression of insulin (INS). Red
fluorescence: the expression of HIF-1a. Blue fluorescence: islet nuclei (NUC) stained
with DAPI. Scale bar: 100 pm. (n =5 biological independent animals)

g Intraperitoneal glucose tolerance test (IPGTT) of mice transplanted with AI-CTP
microcapsules (w/ islet) (n=5 biological independent animals) and respiratoid
biosystem (w/ islet) (n=5 biological independent animals) at day 30, 50, and 100
post-transplantation. Healthy mice (n =5 biological independent animals) and
diabetic mice (n =5 biological independent animals) were examined as controls.
Data were expressed as mean + S.D. The shadowed area: S.D. h Corresponding area
under the curve (AUC) of blood glucose levels is calculated from IPGTT (n=5
biological independent animals). Data were expressed as mean + S.D. Day 30 post-
transplantation: P=0.1307 (healthy control versus respiratoid biosystem),

P <0.001 (diabetic control versus respiratoid biosystem), P= 0.0750 (AI-CTP versus
respiratoid biosystem). Day 50 post-transplantation: P < 0.001 (AI-CTP versus
respiratoid biosystem). Day 100 post-transplantation: P=0.0467 (healthy control
versus respiratoid biosystem), P < 0.001 (diabetic control versus respiratoid bio-
system). Statistical significance was determined by unpaired, two-tailed t-test in a
and h. Source data are provided as a Source Data file.

means how much oxygen was maintained compared to the initial
concentration.

Photosynthetic activity analysis

Before treatment, CTP and APP* as Al,(SO,); were dissolved in 1% DMSO
and 0.9% sterile saline buffer (pH 7.4), respectively. Isolated chlor-
oplasts (7.5 x 108 chloroplasts mL™) were treated with 0.2 mM CTP for
1h and 5mM AP* for 30 min. These samples were centrifuged at
14,000 g for 2 min and washed 2 times. Chlorophyll fluorescence of
chloroplast pellets was measured using an Imaging-PAM M-series
fluorometer (Heinz Walz GmbH, Germany) equipped with an IMAG-K4
CCD camera and an IMAG-MAX/L LED-array illumination unit emitting
blue (450 nm) light. The samples were exposed to 4 intensities of
450 nm actinic light increasing from O to 1.150 x 10 pM m™ s™, pro-
vided by the LED ring array. Each irradiance period was 5s to ensure
the minimum (steady-state) fluorescence in actinic light (Ft) and was
followed by an excitation pulse to yield the maximum fluorescence in
actinic light (Fm’). Digital images of chlorophyll fluorescence were
recorded immediately before and during each saturating pulse.
Numerical values of the chlorophyll fluorescence parameters (Fo, Fm,
Ft and Fm’) were extracted from the digital images using analytical
software (IMAGING- WIN, Heinz Walz GmbH, Germany). In addition,
Net photosynthetic rate data, photosynthetic capacity (Pmax), and
apparent photosynthetic efficiency («) were fitted from the equation
given by Eilers and Peeters®.

Table 1| The primer sequences used for detecting the CTP
functionality

RbcL Forward GGTATTCACGTTTGGCATATGCC
Reverse AGAGCTACTCGGTTTGCTACAG
PsbA Forward ATTGCTGTTGCATATTCCGC
Reverse TACCGGAGATTCCTAGAGGC
PsbO Forward GAGTCTGCATCATCTGGTGG
Reverse CTTACCTCCCTCGGCATTTG
Rps12 Forward CCGAATTAGTGGATGCTGCC
Reverse AAGCTCTATTTGCCTCTGCC
Rpl14 Forward AATGTAGCAGACAACAGCGG
Reverse CACAGCAACAATAACGTCACC

Isolation of PS Il submembrane fractions

In the case of light condition, chloroplasts were treated with 0.2 mM
CTP and incubated in the cold room (4 °C) with 500 lux near-infrared
(NIR) light (VS-PGLEDBAR; Visang, China) irradiation for 1 h. Thylakoid
membranes were isolated from the chloroplast as previously
described®*. Then, PS 1l submembrane fractions were isolated from
thylakoid membranes as described elsewhere with minor
modifications®. Triton X-100 was added with gentle shaking for 1 min
to obtain a final concentration of 0.1 mg chlorophyll mL™. The latter
solution was incubated in the dark for 20 min and centrifuged at
38,304 g for 15 min. The pellet was suspended in a buffer containing
50 mM Mes-NaOH, 15 mM NaCl (pH 6.1), 10 mM MgCl,, and 5 mM CaCl,
centrifuged at 1295g for 2min. Collected supernatants were cen-
trifuged at 38,304 g for 30 min and their pellets were suspended in the
same buffer. This homogenate of pellets was centrifuged at 2727 g for
10 min. Then, the pellet obtained was suspended in a buffer containing
50 mM Mes-NaOH, 15 mM NaCl (pH 6.1), 5 mM MgCl,, 5mM CacCl,, and
400 mM sucrose and centrifuged at 24,515 g for 12 min. In the last step,
the new pellet was suspended in the same buffer, and the chlorophyll
content was measured at wavelengths of 645 nm and 663 nm against a
blank of 80% acetone using a UV-Vis spectrophotometer. The con-
centrations of chlorophyll a and chlorophyll b were calculated using
Porra’s equations®.

Chlorophylla(mg/L) =12.25x Agg3 — 2.79 X Agys
Chlorophyllb(mg /L) =21.50 x Agys — 5.10 X Age3

After that, the isolated PS Il was stored to determine whether
protein expression of it is maintained for a long term in the dark and
cold room for 14 days.

SDS-polyacrylamide gel electrophoresis

PS II submembrane fraction proteins were separated by poly-
acrylamide gel electrophoresis (SDS-PAGE) containing 12% acrylamide
according to Laemmli®’. Samples of PS Il submembrane fractions were
treated with 5 mM AI*', incubated at room temperature in the dark for
30 min, and centrifuged at 14,000 g for 5 min. The pellets were washed
twice in 20 mM Mes-NaOH (pH 6.2) centrifuged at 14,000 g for 5 min
and then used for polypeptide separation in the gel. 20 mL of the
different samples of PS Il treated with AP* were loaded in each lane
onto the gel. The lanes represent: Molecular weight marker (1). PS I
isolated from the untreated chloroplast without (2) or with light
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Table 2 | The siRNA sequences designed using Turbo si-
Designer algorithm

PsbA Forward GUGCUAUGCAUGGUUCCUU
Reverse AAGGAACCAUGCAUAGCAC
PsbO Forward CUUUAAGGAGGAACUUAUA
Reverse UAUAAGUUCCUCCUUAAAG
Rps12 Forward CUGUUCUAUAUCUCCAUGA
Reverse UCAUGGAGAUAUAGAACAG
Rpl14 Forward GAGCUAGCAACCGUCGAUA
Reverse UAUCGACGGUUGCUAGCUC

exposure (6). PS Il isolated from the untreated chloroplast and was
treated with 5mM AP without (3) or with light exposure (7). PS Il
isolated from the chloroplast treated with 0.2 mM CTP without (4) or
with light exposure (8). PS Il isolated from the chloroplast treated with
0.2mM CTP and 5mM AP* without (5) or with light exposure (9).
Finally, SDS-polyacrylamide gels containing separated polypeptides
were stained with Coomassie brilliant blue and analyzed with the
chemiluminescence reader (LuminogGraph 3 Lite) from Atto (Taito-
ku, Tokyo, Japan).

mRNA-sequencing and analysis

To synthesize full-length complementary DNA (cDNA), mRNA was
extracted from chloroplast samples using QIAzol Lysis Reagent and
the RNeasy Mini Kit (QIAGEN, Germany). The construction of the final
libraries was performed utilizing the TruSeq Stranded mRNA Sample
Prep Kit (Eukaryotes). The libraries were subjected to sequencing using
an lllumina NextSeq 6000 platform, performed by Theragen Bio Co.,
Ltd. (Gueonggi-do, South Korea). The gene list that exhibited sig-
nificant upregulation upon treatment with CTP (P< 0.05) was chosen
for subsequent analyses due to its strong alignment with experimen-
tally observed changes in gene expression. Functional classification
and functional annotation clustering of Gene Ontology (GO) terms
were conducted using the appropriate tools available within the
Database for Annotation, Visualization, and Integrated Discovery
(DAVID). Subsequently, pathway analysis was carried out utilizing the
Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways
database.

siRNA transfection

To assess the efficacy of the CTP, a targeted gene knockdown
experiment was conducted through transfection with small interfering
RNA (siRNA). The siRNA was designed to specifically target the gene of
interest. siRNA sequences used were as follows (Table 2). The Lipo-
fectamine® RNAIMAX Reagent (Thermo Fisher Scientific, USA) was
diluted in Opti-MEM® Medium (Thermo Fisher Scientific, USA) at a
volume ratio of 50:3. Diluted siRNA in Opti-MEM® medium and diluted
Lipofectamine® RNAIMAX reagent mixed with a 1:1 volume ratio. The
siRNA-lipid complex was incubated for a duration of 5min at room
temperature. Subsequently, the siRNA-lipid complex was added to the
chloroplast (7.5x10% chloroplasts mL™).

Analysis of mRNA upregulation by qRT-PCR

Quantitative reverse transcription polymerase chain reaction (qRT-
PCR) and oxygen production measurement were conducted to eval-
uate CTP functionality to chloroplast. Chloroplasts (7.5x10® chlor-
oplasts mL™) were treated with 0.2 mM CTP and 100 pM siRNA for 1 h
under the condition of light exposure. Next, RNA extraction was per-
formed using QIAzol Lysis Reagent and RNeasy Mini Kit (QIAGEN,
Germany) and reverse transcribed into AMPIGENE® cDNA Synthesis Kit
(Enzo Life Sciences, USA). After preparing equal amounts of cDNA
from the extracted RNA, the relative gene expression levels were

quantified by RT-PCR (Applied Biosystems 7500, USA). Each sample
was compared to the RbcL control and calculated using the AACt
method.

Synthesis of AI-CTP conjugate

First, a solution of 10 mL of 0.1 M 4-Morpholineethanesulfonic acid
(MES) buffer (pH 6) with 0.5M NaCl was prepared. 228 mg of alginate
(Al; 0.2 mM) was dissolved in 10 mL of the prepared MES buffer. When
the alginate solution was sufficiently dissolved, 4 mg of EDC-HCI
(2 mM) was in it. Then, 6 mg of NHS (5 mM) was added and reacted at
RT for 15 min, and the pH was adjusted to 7. Synthesized CTP dissolved
in 1% DMSO was added to the solution in an amount corresponding to
the feed molar ratio (1:1, 1:10, and 1:50) and reacted at room tem-
perature for 2 h. The solution was transferred to a 6000-8000 MWCO
(Molecular Weight Cut-Off) dialysis membrane. Dialysis was per-
formed in deionized water at 4 °C for 3 days. After dialysis, the solution
was lyophilized for 48 h to obtain alginate-CTP (AI-CTP) conjugate
powder. The lyophilized Al-CTP conjugate was stored at 4°C for
further use.

Experimental animal

For this study, seven-week-old inbred BALB/C male mice and seven-
week-old outbred Sprague-Dawley (SD) rats were purchased from Nara
Biotech (Seoul, Republic of Korea) and Daehan-Bio Link (Chung-
cheongbuk-do, Republic of Korea). All animals were housed in cages
under specific pathogen-free (SPF) conditions in a temperature-
controlled room with a 12-hour light/dark cycle. All animals had free
access to water and food. All animal procedures were performed
according to the Institutional Animal Care and Use Committee (IACUC)
of Hanyang University (HY-IACUC-2022-0037A.

Rat pancreatic islets isolation and culture

Male outbred Spraque Dawley (SD) rats, weighing approximately
300¢g, were used for the isolation of pancreatic islets. First, a col-
lagenase P (Roche, Germany) solution at a concentration of 1 mg mL™
was administered directly into the bile duct of a sacrificed rat. The
pancreas was allowed to swell and then incubated in a 37 °C water bath
for 15min to facilitate digestion. The digested pancreas was rinsed
twice with Medium 199, passed through a 450 pum sieve, and subse-
quently suspended in histopaque-1077 before being centrifuged at
1260 g for 17 min at 4 °C. The islets were then harvested from the
resulting gradient and further refined through gravity sedimentation.
Afterward, the purified islets were manually counted and cultured in
RPMI-1640 medium supplemented with 10% FBS and 1% penicillin-
streptomycin. The islets were maintained in standard culture condi-
tions (37 °C, 5% CO,) overnight. For experiments under hypoxic con-
ditions, the islets were incubated at 37°C and 1% O, for 20h in a
customized hypoxia desiccator (84 L).

Manufacturing of microcapsules

Microcapsules were prepared via an encapsulator (B-395 Pro, BUCHI,
Switzerland). To manufacture AI-CTP microcapsules, AI-CTP con-
jugates were dissolved in 0.9% sterile saline buffer (pH 7.4) to prepare a
1.8% (w/v) AI-CTP solution. In the case of Al-Ch or AI-CTP-Chloroplast
microcapsules (respiratoid biosystem), alginate or Al-CTP conjugates
were dissolved in 0.9% sterile saline buffer to prepare 3.6% (w/v) algi-
nate or Al-CTP solution. Next, these solutions were mixed with chlor-
oplast (1.5 x 10° chloroplasts mL™) dissolved in 0.9% sterile saline
buffer, at a volume ratio of 1:1, and transferred to a sterile syringe. To
encapsulate pancreatic islets, ImL of AI-CTP, Al-Ch, and AI-CTP-
Chloroplast solution were mixed with pancreatic islets (1200 islet
equivalent (IEQ) mL™). After loading the syringe into the encapsulator,
it was operated at a frequency of 800 Hz, electrode voltage of 500V, a
flow rate of 8.0 mLmin™, and a nozzle diameter of 450 mm. The
microcapsules were prepared by incubating the droplets in 100 mM
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CaCl, buffer with 10 mM HEPES for 15 min. Then, the microcapsules
were washed with 25 mM HEPES (pH 7.4) and culture medium for
further use.

Cell viability analysis

LIVE/DEAD staining was performed to quantify the cell viability of islets
using the LIVE/DEAD™ Viability/Cytotoxicity Kit. Intact and encapsu-
lated islets were treated with PBS containing 1 uM calcein-AM and 1 pM
ethidium homodimer-1 (EthD-1) at 37 °C and 5% CO, for 15 and 40 min.
After that, live and dead signals were obtained using fluorescence
microscopy.

Intact islets and microcapsules were treated with a culture med-
ium containing 10% CCK-8 solution at 37°C and 5% CO, for 2 h. The
absorbance of the medium was measured at 450 nm using a Spec-
traMax M2 microplate reader. Then, the microcapsules were com-
pletely dissolved by treating them with 0.1M EDTA (pH 8) solution for
15 min to retrieve the islets encapsulated in microcapsules. Next, the
cell viability was normalized to the DNA content of retrieved islets
using the Pico Green Quantitative DNA Assay Kit.

Glucose-stimulated insulin secretion (GSIS) assay

To investigate the responses of islets to varying glucose concentra-
tions, the glucose-stimulated insulin secretion (GSIS) assay was per-
formed. Islets were initially incubated in Krebs Ringer Buffered HEPES
(pH 7.4) with 2.8 mM glucose for a starvation period of 30 min at 37 °C.
Following this, they were treated with different concentrations of
glucose (2.8 mM and 20.2 mM) at 37 °C for 2 hours. Insulin levels in the
culture media were quantified using a rat insulin ELISA kit (Alpco
Diagnostics, Salem, NH, USA). The insulin levels were then normalized
by dividing by the DNA content. The stimulation index (SI) was cal-
culated using the formula: (insulin secretion at high glucose, normalized
to DNA) / (insulin secretion at low glucose, normalized to DNA).

Immunostaining of islets encapsulated in microcapsules
Microcapsules containing islets after normoxic and hypoxic incuba-
tion were fixed in a 4% paraformaldehyde solution at 4 °C for 1 day and
then washed in PBS. Subsequently, tissue processing was carried out
using the Leica TP1020 semienclosed Benchtop Tissue Processor
(Leica Biosystems, Wetzlar, Hesse, Germany) in an automated manner.
Following embedding in paraffin, the paraffin blocks were sectioned
into slices with a thickness of 5 pm using a Leica RM 2145 Microtome
(Leica Biosystems). The sectioned paraffin blocks were stained
according to standard histological methods. Immunofluorescent
double-staining for HIF-1a and insulin was performed using a primary
antibody (anti-HIF-1a 1:100 dilution, anti-insulin 1:200 dilution) and
incubated with secondary antibody (Alexa Fluor 488 goat anti-rabbit
IgG 1:200 dilution, Alexa- Fluor 594 goat anti-mouse IgG 1:100 dilution)
at room temperature for 1 h. The sections were also counterstained
with a DAPI mounting medium. Immunostained images from the sec-
tions were obtained under fluorescence microscopy and Confocal
Laser Scanning Microscope.

Subcutaneous (SQ) transplantation of microcapsules

We utilized immuno-deficiency Balb/C nude and Balb/C mice as reci-
pients for pancreatic islet transplantation. Before transplantation,
diabetes was induced in the mice by administering a single intraper-
itoneal injection of streptozotocin (150 mgkg™; Sigma-Aldrich, MO,
USA) in citrate buffer (pH 4.5). Diabetic status was determined in mice
based on non-fasting blood glucose levels exceeding 300 mg dL™ for
three consecutive days. SQ transplantation involves the transplanta-
tion of tissue or cells into the subcutaneous tissue layer, located just
beneath the skin. Anesthesia induction was performed in the mice
before transplantation by administering a concentration of 2-2.5 %
isoflurane in oxygen. To gain access to the SQ cavity, a surgical incision
was performed in the abdominal epidermis region of the mice. The

microcapsules exposed to light stimulation (1h) were transplanted
into the SQ tissue. The closure of the incision was performed using
sutures (Ethicon, New Jersey, USA). After transplantation, the diabetic
recipient’s non-fasting blood glucose levels were measured by a portal
glucometer (Accu-Chek®; Roche Diabetes Care Inc., Indianapolis, IN,
USA). In the case of healthy recipients, continuous monitoring of the
mouse’s oxygen level at the SQ site was performed both before and
after transplantation to determine the efficacy of using a pO, needle
sensor (OXF-NX-NP/O/E, Bio-Rad, California, USA) for assessment.
Data were expressed as the oxygen levels of post-transplantation at
day 14 after normalizing the oxygen concentration before transplan-
tation of each group to 100%, which means how much oxygen was
maintained compared to the before transplantation.

Intraperitoneal (IP) transplantation of microcapsules

After anesthesia as above mentioned, an incision was made in the
abdominal region of the mice to provide access to the IP cavity.
Abdominal organs were gently moved aside to create sufficient space
for the placement of the microcapsules. The microcapsules exposed to
light stimulation (1 h) were carefully inserted into the peritoneal cavity.
The incision was closed using sutures. Continuous monitoring of the
mouse’s blood glucose level was conducted post-transplantation to
ascertain the efficacy of the microcapsules in treating diabetic mellitus.

Intraperitoneal Glucose Tolerance Test (IPGTT)

IPGTT assessed glucose metabolism in mice. The mice were subjected
to a period of fasting lasting roughly 16 h. Overnight fasting (16 h) mice
received an IP injection of 20% glucose solution at a dose of 2 g glucose
per kg body weight (2 g/kg BW). The blood glucose from tail was col-
lected (-60 pL) and assessed at specific intervals (0, 15, 30, 45, 60, 90,
and 120 min) after glucose injection using a glucometer. The samples
were then centrifuged, and the serum was rapidly frozen for sub-
sequent measurement of serum insulin using an ELISA kit.

Microcapsules retrieval from the IP space

At 100 days post-transplantation, mice were anesthetized using iso-
flurane and placed in a supine position. With a small incision at the time
points of implantation, mice were euthanized using CO, administra-
tion. An incision was performed using forceps and scissors along the
abdominal region, encompassing the skin and peritoneal wall. To
remove all capsules from the abdomen, a solution of Krebs buffer was
employed as a washing agent. The capsules underwent multiple
washes using Krebs buffer until the buffer was observed to be free of
any remaining blood and tissue.

Histological analysis

The retrieved tissues were fixed in a 4% paraformaldehyde solution for
4 days and washed in PBS. Then processed through a graded series of
ethanol for dehydration. Samples were subsequently cleared in xylene
and embedded in paraffin. Paraffin blocks were sectioned into 7 um
thick slices using a microtome and mounted on glass slides. Sections
were rehydrated using a graded ethanol series (100 %, 90%, 80%, and
70%) for two minutes each after being deparaffinized in xylene twice
for 5minutes each. Rinsing in distilled water was the next step. Sec-
tions were stained for 5 minutes with Harris hematoxylin for hema-
toxylin and eosin (HE) staining and then washed for 5 minutes under
running tap water. Sections were cleaned with xylene, dehydrated
using graded ethanol, counterstained for a minute with eosin Y, and
mounted with a coverslip using a synthetic resin mounting medium.
Weigert’s iron hematoxylin was used to stain sections for 10 minutes in
order to stain the nuclei for Masson’s Trichrome staining (MT staining).
After 10 minutes of washing under running tap water, the sections
were dried. After that, they were dyed for 5 minutes with Biebrich
scarlet-acid fuchsin to highlight the cytoplasm and muscle fibers.
Sections were differentiated in phosphomolybdic-phosphotungstic

Nature Communications | (2024)15:9151

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53246-w

acid solution for 10 minutes after being rinsed in distilled water. To
emphasize collagen fibers, aniline blue staining was applied for
5 minutes. Sections were immediately dehydrated using 95% and 100%
ethanol, cleaned in xylene, and mounted using a synthetic glue
mounting solution after being briefly washed in 1% acetic acid for
2 minutes dehydrated quickly through 95% and 100% ethanol, cleared
in xylene, and mounted with a synthetic resin mounting medium.

Statistical analysis

Data were expressed as mean + standard deviation (S.D.). Statistical
differences were analyzed using a two-tailed unpaired t-test to com-
pare the differences of groups. In the statistical analysis for compar-
ison between multiple data groups, one-way analysis of variance
(ANOVA) followed by Duncan’s multiple comparison tests. Graft sur-
vival was compared using the log-rank (Mantel-Cox) method. The data
were analyzed using the GraphPad Prism 8 program (La Jolla, CA, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the finding of this study
are available within the paper and its supplementary information files.
The remaining data are available upon reasonable request from the
corresponding author D.Y.L. or within the Source Data file. Source data
is available for Figs. 2-5, Supplementary Figs. 1-8, 10, 12, 13, 15, 16, 18,
20, 21, 23, and 25-27, and Supplementary Tables 1 and 2 in the asso-
ciated source data file. The RNA-sequencing data generated in this
study have been deposited in the Genome Sequence Archive (Geno-
mics, Proteomics & Bioinformatics 2021) in National Genomics Data
Center (Nucleic Acids Res 2022), China National Center for Bioinfor-
mation / Beijing Institute of Genomics, Chinese Academy of Sciences
database under accession code GSA: CRA018274. Source data are
provided with this paper.
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