
Preliminary feasibility study using
a solution of synthetic enzymes to
replace the natural enzymes in
polyhemoglobin-
catalase-superoxide
dismutase-carbonic anhydrase:
effect on warm ischemic
hepatocyte cell culture

M. Hoq and T. M. S. Chang*

Artificial Cells and Organs Research Centre, Departments of Physiology, Medicine and Biomedical
Engineering, Faculty of Medicine and Health Sciences, McGill University, Montreal, QC, Canada

This is a study on a simple solution of chemically prepared small chemical
molecules of synthetic enzymes: catalase, superoxide dismutase, and carbonic
anhydrase (CAT, SOD, and CA). We carried out a study to see if these synthetic
enzymes can replace the natural enzymes (CAT, SOD, and CA) and avoid the need
for the complicated cross-linking of natural enzymes to PolyHb to form PolyHb-
CAT-SOD-CA. We compared the effect a solution of these three synthetic
enzymes has on the viability of warm-ischemic hepatocytes that were exposed
to nitrogen for 1 h at 37°C. PolyHb significantly increased the viability. The three
synthetic enzymes themselves also significantly increased the viability. The use of
both PolyHb and the three synthetic enzymes resulted in an additive effect in the
recovery of viability. Increasing the concentration of the synthetic enzymes
resulted in further increase in the effect due to the synthetic enzymes.

Implications: In addition to PolyHb, there are a number of other HBOC oxygen
carriers. However, only Biopure’s HBOC product has received regulatory approval,
but only in Russia and South Africa. None of the HBOCs has received regulatory
approval by other countries. If regulatory agencies require HBOCs to have
antioxidant or CO2 transport properties, all that is needed is to add or inject
the solution of synthetic enzymes as a separate component.
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Introduction

This study is a part of the Frontiers special series on artificial cells in novel medical
applications. The study on artificial cells (Chang, 2019) is a very large area, and we could only
include 12 articles. Six of the 12 articles in this series are devoted to nanobiotechnology-based
blood substitutes. These include experiences on the routine clinical uses in South Africa by Jahr, a

OPEN ACCESS

EDITED BY

Binglan Yu,
Harvard Medical School, United States

REVIEWED BY

Jonathan Jahr,
University of California, United States
Hongli Zhu,
Northwest University, China
Chen Guo,
Guangzhou Henovcom Bioscience Co.
Ltd., China

*CORRESPONDENCE

T. M. S. Chang,
thomas.chang@mcgill.ca

RECEIVED 30 May 2023
ACCEPTED 24 July 2023
PUBLISHED 07 August 2023

CITATION

Hoq M and Chang TMS (2023),
Preliminary feasibility study using a
solution of synthetic enzymes to replace
the natural enzymes in polyhemoglobin-
catalase-superoxide dismutase-carbonic
anhydrase: effect on warm ischemic
hepatocyte cell culture.
Front. Bioeng. Biotechnol. 11:1231384.
doi: 10.3389/fbioe.2023.1231384

COPYRIGHT

© 2023 Hoq and Chang. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Brief Research Report
PUBLISHED 07 August 2023
DOI 10.3389/fbioe.2023.1231384

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1231384/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1231384&domain=pdf&date_stamp=2023-08-07
mailto:thomas.chang@mcgill.ca
mailto:thomas.chang@mcgill.ca
https://doi.org/10.3389/fbioe.2023.1231384
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1231384


bioengineering approach by Bulow, hemoglobin lipid vesicles by Sakai,
use in preservation of transplant organs by Chan and Zhu,
polyhemoglobin–catalase-superoxide dismutase–carbonic anhydrase
(PolyHb-CAT-SOD-CA) by Bian and Chang, and the present article
on the use of a solution of chemically prepared small enzymemolecules
of CAT, SOD, and CA to replace the natural enzymes in PolyHb-CAT-
SOD-CA. Since the other aspects have been discussed in detail in the
other five articles, this paper will concentrate on the topic of synthetic
enzymes.

Blood substitutes is a very broad area that has been reviewed in a
recent open-access multiauthor book (Chang et al., 2022). One of the
blood substitutes is polyhemoglobin, formed by the crosslinking of
hemoglobin molecules. The use of gluteraldehyde to crosslink
hemoglobin was first reported by Chang in 1971 (Chang, 1971).
Since then, others have prepared a number of polyHbs using this
basic glutaraldehyde method using bovine, human, pork, and cord
blood Hb (Chang et al., 2022). Some of these have been developed
and improved into products for clinical trials (Moore et al., 2009), and
one has been approved for routine clinical use in South Africa and Russia
(Mer et al., 2016; Chang, 2019). Laboratory research also includes the use
of glutaraldehyde to prepare PolyHb-CAT-SOD-CA, which is an oxygen
carrier with enhanced antioxidant function and CO2 transport function5.
The last of the series is a brief research report on the use of synthetic CAT,
SOD, and CA to replace the natural enzymes in PolyHb-CAT-SOD-CA.
Thus, to have a valid comparison, we have selected our laboratory-made
PolyHb and PolyHb-CAT-SOD-CA for comparison.

Natural enzymes have low stability, especially at body
temperature. Nonhuman sources of natural enzymes are
immunogenic and need complicated cross-linking with PolyHb
to form PolyHb-CAT-SOD-CA. This study was performed to see
if a simple solution of chemically prepared small chemical molecules
of synthetic catalase, superoxide dismutase, and carbonic anhydrase
(CAT, SOD, and CA) can replace the natural enzymes (CAT, SOD,
and CA) in PolyHb-CAT-SOD-CA.

Synthetic enzymes are chemically prepared just to have the enzyme
reaction sites of the large enzyme protein molecule (Bjerre et al., 2008).
Zinc-based synthetic carbonic anhydrase is a novel approach (Liu et al.,
2021). MnTmPyP is a commercially available manganese-containing
metalloporphyrin synthetic superoxide dismutase (Zhu et al., 2016; Li
et al., 2018; Gao et al., 2021). EUK-134 is a commercially available
synthetic catalase (Dhanasekaran et al., 2018).

We perform this study to see if these synthetic enzymes can
replace the natural enzymes we used for PolyHb-CAT-SOD-
CA prepared and studied in this laboratory over the last
10 years. In order to compare the results, we have to use the
same procedure of preparation for PolyHb-CAT-SOD-CA,
including PolyHb (Table 1).

Organ and cell transplantation is dependent on the quality of donor
organs and cells and their preservation before surgery. There have been
promising results on the use ofHBOCs for organ and cell pre-transplant
preservation (Chang et al., 2021; Andrijevic et al., 2022; Chen et al.,
2023). One of these has been approved in EU for organ preservation
(Chen et al., 2023). Organs and cells vary greatly in their preservation
requirements. The kidneys and limbs have lower requirements than the
intestines or liver cells. Furthermore, the degree and duration of
ischemia is also important. Again, for comparison, we have designed
the present study based on our earlier studies of PolyHb and PolyHb-
CAT-SOD-CA for hepatocytes in order to compare our results.

Results

Effects on regeneration of viability of warm
ischemic human hepatocytes: Us

We compared the effect of these synthetic enzymes on the
viability of warm-ischemic hepatocytes that were exposed to
nitrogen for 1 h at 37°C. PolyHb significantly increased the
viability. The three synthetic enzymes also significantly increased
the viability. The use of both PolyHb and the three synthetic
enzymes resulted in an additive effect in the recovery of viability.
Increasing the concentration of the synthetic enzymes resulted in
further increase in the effect due to the synthetic enzymes (Figure 1).

Stability analyses

The three synthetic enzymes showed good stability of close to
100% even when extrapolated to 260 days at both room temperature
and at 37°C body temperature (Figure 2). The natural enzymes, even
in the more stable crosslinked form of PolyHb-CAT-SOD-CA, are
by far less stable (Bian et al., 2016) (Figure 2).

Enzyme activity assays

For carbonic anhydrase assay, the time taken to lower the pH of
Tris-HCl from 8.3 to 6.3 is used to measure the W-A unit/ml of the
solution. The CA activity for the PolyHb +three synthetic enzyme
solution was significantly higher than for the control (no synthetic
enzymes or PolyHb) and also significantly higher than for just
PolyHb or just the three synthetic enzymes. For the control, it
was 18.7 min; for the solution with neoenzymes, it was 4 min; for
PolyHb alone, it was 1.1 min; and finally, for the novel solution
containing PolyHb +three synthetic enzymes, it was 0.98 min. For
the catalase assay, the time (in min) required to get a decrease of
0.05 absorbance unit was used to measure the activity in U/mL using
the formula: U/mL = (3.45 x dilution factor)/(time x 0.1). The
catalase activity of three synthetic enzymes in solution was
156,818 U/mL, while that of just PolyHb was 3450 U/mL, and
that of PolyHb +three synthetic enzymes was 304,411 U/mL
(Figure 3A). Lastly, for the superoxide dismutase assay, the
enzyme activity was calculated in a coupled system, using
xanthine and xanthine oxidase, where a unit of neoSOD that
would inhibit the rate of reduction of cytochrome c by 50% is
measured, and then, using the formula U/mL = (% inhibition) (DF)/
(50%) (0.10), the activity was calculated. The SOD activity of PolyHb
was 219.9 U/mL, that of just the three synthetic enzymes was
2,960.1 U/mL, and that of PolyHb +the three synthetic enzymes
was 2,979.9 U/mL (Figure 3B). The enzyme activities of the synthetic
enzymes in u/ml are shown in Table 2.

Discussion

We are not comparing PolyHb prepared in this laboratory with
other PolyHb products. Instead, we are performing this study to see if
synthetic enzymes can replace the natural enzymeswe used for PolyHb-
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CAT-SOD-CA prepared and studied in this laboratory over the last
10 years. In order to compare the results, we have to use the same
procedure of preparation for PolyHb-CAT-SOD-CA including PolyHb.

This study is performed to see if a simple solution of chemically
prepared small chemical molecules of synthetic enzymes catalase,
superoxide dismutase, and carbonic anhydrase (CAT, SOD, and
CA) can replace the natural enzymes (CAT, SOD, and CA). Natural
enzymes have low stability, especially at body temperature. Nonhuman
sources of natural enzymes are immunogenic and need complicated
cross-linking with PolyHb to form PolyHb-CAT-SOD-CA.

The present study shows that the three synthetic enzymes
showed good stability of close to 100% even when extrapolated

to 260 days at both room temperature and at 37°C body temperature
(Figure 2). The natural enzymes, even in the more stable crosslinked
form of PolyHb-CAT-SOD-CA, are by far less stable (Figure 2).

We compared the effect of a solution of these three synthetic
enzymes on the viability of warm-ischemic hepatocytes that were
exposed to nitrogen for 1 hour at 37°C. PolyHb significantly
increased the viability, most likely due to the supply of oxygen.
The three synthetic enzymes also significantly increased the viability,
most likely because of their antioxidant property and CO2 transport
property. The use of both PolyHb and the three synthetic enzymes
resulted in an additive effect in the recovery of viability from the
supply of oxygen, antioxidant effect, and CO2 transport. Increasing
the concentration of the synthetic enzymes (2x, 4x, and 6x) resulted
in further increase in viability, most likely because of the severity of
ischemic-reperfusion of the hepatocytes after 1 h in 37°C nitrogen
incubation. This is similar to the use of natural enzymes, where
increasing the enzyme by 2x, 4x, and 6x also increases the in vivo
effect.

In summary, for this special case of hepatocytes after 1 h in 37°C
nitrogen incubation, the simple solution of chemically prepared
small chemical molecules of synthetic enzymes catalase, superoxide
dismutase, and carbonic anhydrase (CAT, SOD, and CA) can
replace the natural enzymes (CAT, SOD, and CA).

Future implications: There are a number of PolyHbs and HBOCs,
including those that have been developed into products for clinical
trials. However, only Biopure’s PolyHb product has received regulatory
approval but only in Russia and South Africa. None of the PolyHbs has
received regulatory approval by other countries. If regulatory agencies
require PolyHb to have antioxidant property and CO2 transport
property, all that is needed is to add or inject the solution of
synthetic enzymes as a separate component—after further safety and
efficacy study of the synthetic enzymes. This could reactivate the many
HBOCs developed by many researchers and companies over the years.

Methods

Reagents and cell line

All chemical reagents including neoSOD, MnTmPyP, (CAT#
475872) neoCAT, and EUK-134, (CAT# SML0743) were purchased
from Sigma-Aldrich, Canada. The human hepatocyte cell line
(CAT# HMCPMS) and the thawing media (CM7000) used in
this study were purchased from Thermo Fisher Scientific.

FIGURE 1
PolyHb significantly increased the viability. The three synthetic
enzymes also significantly increased the viability. The use of both
PolyHb and the three synthetic enzymes resulted in an additive effect
in the recovery of viability. Increasing the concentration of the
synthetic enzymes resulted in a further increase in the effect due to
the synthetic enzymes.

TABLE 1 Test solutions: (i) PolyHb and (ii) synthetic enzyme solution.

P50 Hb
conc.

COP Viscosity MW Hill
coefficient,

n50

MetHb
content

K autoxidation (rate
constant of
autoxidation)

K NO (second-order rate
constant of NO

oxidation)

26.2 ±
0.2 mmHg

5 g/dL 20 mmHg 3 cP >250 kDa 2.54 ± 0.0319
5.12% ±
1.67%

In the presence of superoxide and
hydrogen peroxide, PolyHb

shows oxidation of Hb (Fe2+) to
metHb (Fe3+). This was

prevented when PolyHb contains
crosslinked antioxidant enzymes.

NO is important in maintaining
the normal dilation of the

microcirculation. Our present
study studies the free suspension
of hepatocytes. There is no
microcirculation in the free

suspension of hepatocytes, and
thus, we did not follow this for

the present study.
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FIGURE 3
Enzyme activity assays of (A) neoCatalase and (B) neoSOD. The results are expressed as mean ± standard deviation (SD).

FIGURE 2
Comparing stability of neoenzymes and natural enzymes: (A) Carbonic anhydrase, (B) catalase, and (C) superoxide dismutase activities were
analyzed over time at 25°C and 37°C for PolyHb + 3 synthetic enzymes in solution. These findings were then compared to our previous results on natural
enzymes of PolyHb-SOD-CAT-CA (Bian et al., 2016). Copyright permission. The synthetic enzymes demonstrated significantly higher stability, nearly
100%, even when extrapolated to 260 days (see figures on the right). Results are presented as mean ± standard deviation (SD).
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Neo-carbonic anhydrase (neoCA) synthesis

NeoCA was synthesized according to a previous report8. Briefly,
0.51 g of zinc chloride and 1.72 g of L-histidine were added into a beaker
containing 4.8 mL of glycerol. This was then stirred at 70°C until a
homogenous liquid phase was formed, which resulted in the mixture
changing color to light yellow. Finally, the mixture was then dried in a
vacuum oven at 60°C for 2 h, which resulted in the ZnHisGly, or neoCA.

Polyhemoglobin (PolyHb) preparation

PolyHb was prepared following the established protocol from this
laboratory (Bian and Chang, 2015). Briefly, 4 mL of bovine hemoglobin
was taken in a beaker (previously flushed with nitrogen gas and kept on
ice throughout the process to preventmetHb formation). Then, 102 ul of
4 M sodium chloride along with 102 ul of 3 M potassium phosphate
buffer were added to the beaker. Another 229 ul of 2 M lysine was added
to it, and the mixture was shaken at 160 rpm at 4°C for 5 min. Without
stopping the shaker, 162.4 ul of 0.5 M glutaraldehyde was added
dropwise in four equal aliquots throughout a period of 15 min to
start crosslinking. The beaker was kept shaking at 160 rpm overnight
at 4°C.On the following day, 656 ul of 2M lysine was added in two equal
parts over 10 min and was shaken at 160 rpm for another hour at 4°C to
stop crosslinking. The mixture was then centrifuged at 8,000 rpm at 4°C
for 1 h to remove any precipitate. The supernatant was then purified
using the Vivaspin 20 (CAT#GE28-9323–60) centrifugal filter at 2,500 g
for 55 min at 4°C. This was exposed to vitamin C (0.05% w/v) for 24 h
conc. Lastly, the retentate, containing just PolyHb, was collected and kept
at −20°C for further use.

Preparation of a novel solution containing
polyhemoglobin plus neoSOD, neoCAT, and
neoCA

Four solutions were prepared starting at a ratio of the oxygen
carrier, PolyHb to neoSOD, neoCAT, and neoCA 1 g: 18 mg: 18 mg:
18 mg. Then, the synthetic enzymes were increased to 2x, 4x, and 6x.

Enzymatic assays of the novel solution in
comparison to PolyHb and a solution of just
synthetic enzymes

The enzyme activities were measured following the procedures
mentioned in a previous report (Mer et al., 2016). Briefly, carbonic

anhydrase activity was determined by observing the time taken for the
pH of 0.02 M Tris CO2 buffer to decrease from pH 8.3 to 6.3. For
measuring the catalase activity, the rate at which hydrogen peroxide
disappeared at a wavelength of UV 240 nmwas monitored. Lastly, for
measuring the activity of superoxide dismutase, the reduction of
cytochrome C was used. There were four technical replicates used
for these assays (n = 4).

Stability analysis of the individual synthetic
enzymes in the novel solution

The novel solution containing the synthetic enzymes and
PolyHb was kept at both 37°C, body temperature, and at room
temperature (RTP) for 2 months to check the stability of the
synthetic enzymes. There were four technical replicates used for
these stability analyses (n = 4).

Human hepatocyte culture

Hepatocytes were thawed in warm CHRM® medium,
centrifuged at 100 x g for 10 min, and then mixed with
plating medium (DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin) before being seeded (at a density of
2.4 × 105 cells/mL) onto collagen-coated plates and incubated for
6 h at 37°C. The medium was then replaced with warm DMEM
and incubated for 24 h. There were six technical replicates used
for this study (n = 6).

Regeneration of the viability of ischemic
hepatocytes

The plates were transferred to a 37°C shaker with a constant flow of
nitrogen gas to create an ischemicmodel.After 1h, freshDMEMwas added,
and the cells were treatedwith various combinations including the following:

1) Control hepatocytes treated with only fresh DMEM.
2) Hepatocytes treated with 20 ul Ringer’s Lactate (RL) and

fresh DMEM.
3) Hepatocytes treatedwith 20 ul RL + 55.6 mmol/L synthetic enzymes

in solution (neoSOD + neoCAT + neoCA) and fresh DMEM.
4) Hepatocytes treated with 0.626 mmol/L PolyHb +55.6 mmol/L

synthetic enzymes in solution and fresh DMEM.
5) Hepatocytes treated with 0.626 mmol/L PolyHb +70 mmol/L

synthetic enzymes in solution and fresh DMEM.

TABLE 2 Enzyme activities of the synthetic enzyme solution containing all the three synthetic enzymes in different concentrations.

Synthetic SOD activity U/mL Synthetic CA activity W-A unit/mL Synthetic CAT activity U/mL

1x (synthetic enzymes in the solution): 2,960 1x (synthetic enzymes in the solution): 360 1x (synthetic enzymes in the solution): 304,411

2x: 6,050 2x: 625 2x: 590,003

4x: 11,530 4x: 1,331 4x: 1,200,541

6x: 18,010 6x: 2,056 6x: 1,557,677
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6) Hepatocytes treated with 0.626 mmol/L PolyHb +90 mmol/L
synthetic enzymes in solution and fresh DMEM.

The plates were then placed back in the incubator for 24 h.

Regenerative viability assay

Cells were washed twice with 2 mL PBS and treated with 4 mg/
mL collagenase for 10 min. The reaction was stopped by adding
1.5 mL DMEM supplemented with FBS. The cells were then
centrifuged at 1,500 rpm for 5 min and resuspended in 5 mL
media. Cell count was determined by the trypan blue exclusion
method, and cell viability was calculated using the following
formula: percentage viability = (total no of cells - total no of cells
in blue)/total no of cells x 100%

Data analysis

The data were presented as mean ± standard deviation (SD).
The differences among the control, RL, PolyHb, synthetic
enzymes, and PolyHb + synthetic enzymes were assessed using
one-way ANOVA. The significance level for all tests was set
at 95%.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material; further inquiries can be directed
to the corresponding author.

Author contributions

This research is part ofMHongoing research for his PhD thesis. He
carried out the literature review, established the methods, and carried
out the laboratory research. He analyzed the results obtained and
prepared the drafts of the figures and the drafts of this paper.
Professor TC is his research director. He suggested the research
project, helped in his research, discussed the results obtained,
including helping to solve problems, and helped revise this manuscript.

Acknowledgments

Professor TC acknowledges McGill University’s Advancement
Program for the unrestricted donation from Pro-Heme Biotech for
TC’s Laboratory.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors, and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Andrijevic, D., Vrselja, Z., Lysyy, T., Zhang, S., Skarica, M., Spajic, A., et al. (2022).
Cellular recovery after prolonged warm ischaemia of the whole body. Nature 608
(7922), 405–412. doi:10.1038/s41586-022-05016-1

Bian, Y., and Chang, T. M. S. (2015). A novel nanobiotherapeutic poly-[hemoglobin-
superoxide dismutase-catalase-carbonic anhydrase] with no cardiac toxicity for the
resuscitation of a rat model with 90 minutes of sustained severe hemorrhagic shock with
loss of 2/3 blood volume. Artif. Cells Nanomed Biotechnoly 43 (1), 1–9. doi:10.3109/21691401.
2014.964554

Bian, Y. Z., Guo, C., and Chang, T. M. (2016). Temperature stability of Poly-
[hemoglobin-superoxide dismutase-catalase-carbonic anhydrase] in the form of a
solution or in the lyophilized form during storage at -80 °C, 4 °C, 25 °C and 37 °C
or pasteurization at 70 °C. Artif. cells, nanomedicine, Biotechnol. 44 (1), 41–47. doi:10.
3109/21691401.2015.1110871

Bjerre, J., Rousseau, C., Marinescu, L., and Bols, M. (2008). Artificial enzymes,
“Chemzymes”: Current state and perspectives. Appl. Microbiol. Biotechnol. 81 (1),
1–11. doi:10.1007/s00253-008-1653-5

Chang, T. M. S., Jahr, J., Bulow, L., Sakai, H., and Yang, C. Y. (Editors) (2022).
“Regenerative medicine, artificial cells and nanomedicine,” Nanobiotherapeutic basis of
blood substitutes (Singapore: World Science Publisher), 042. Available at: https://www.
worldscientific.com/doi/epdf/10.1142/12054

Chang, T. M. S., Razack, S., Jiang, W., and D’Agnillo, F. (2021). “Nanobiotherapeutics as
preservation fluids for organs and cells,” inNanobiotherapeutic as blood substitutes (Singapore:
World Scientific Publishing Co. Pte. Ltd), 685–704. doi:10.1142/9789811228698_0044

Chang, T. M. S. (2019). ARTIFICIAL CELL evolves into nanomedicine,
biotherapeutics, blood substitutes, drug delivery, enzyme/gene therapy, cancer
therapy, cell/stem cell therapy, nanoparticles, liposomes, bioencapsulation,
replicating synthetic cells, cell encapsulation/scaffold, biosorbent/immunosorbent
haemoperfusion/plasmapheresis, regenerative medicine, encapsulated microbe,
nanobiotechnology, nanotechnology. Nanomedicine, Biotechnol. 47 (1), 997–1013.
doi:10.1080/21691401.2019.1577885

Chang, T.M. S. (1971). Stablisation of enzymes bymicroencapsulation with a concentrated
protein solution or by microencapsulation followed by cross-linking with glutaraldehyde.
Biochem. Biophys. Res. Commun. 44, 1531–1536. doi:10.1016/s0006-291x(71)80260-7

Dhanasekaran, A., Kotamraju, S., and Karunakaran, C. (2018). EUK-134: An
investigational antioxidant for cardiovascular and neurological diseases.
J. Pharmacol. Exp. Ther. 365 (3), 544–549. doi:10.1124/jpet.117.247460

Gao, Y., Wang, H., Cui, X., Dong, Y., Wang, Z., and Sun, D. (2021). MnTmPyP
alleviates neuroinflammation and oxidative stress in a mouse model of Parkinson’s
disease. J. Cell. Mol. Med. 25 (14), 6822–6835. doi:10.1111/jcmm.16783

Li, X., Zhang, J., Li, Y., Li, Z., Hao, S., Lu, X., et al. (2018). Neuroprotective effects of
MnTmPyP, a superoxide dismutase/catalase mimetic, in traumatic brain injury. J. Drug
Target. 26 (7), 590–596. doi:10.1080/1061186X.2017.1410564

Liu, J., Li, X., Zhang, X., Zhu, H., Wei, H., and Fang, Y. (2021). Zinc-based deep
eutectic solvent – an efficient carbonic anhydrase mimic for CO2 hydration and
conversion. Nat. Commun. 12 (1), 1–11. doi:10.1038/s41467-021-23102-1

Mer, Mervyn, Hodgson, Eric, Lee, Wallis, Jacobson, Barry, Lewis, Levien, Snyman,
Jacques, et al. (2016). Hemoglobin glutamer-250 (bovine) in SouthSouth Africa:
Consensus usage guidelines from clinician experts who have treated patients.
Transfusion 56 (10), 2631–2636. doi:10.1111/trf.13726

Moore, E. E., Moore, F. A., Fabian, T. C., Bernard, A. C., Fulda, G. J., Hoyt, D. B., et al.
(2009). Human polymerized hemoglobin for the treatment of hemorrhagic shock when
blood is unavailable: The USA multicenter trial. J. Am. Coll. Surg. 208, 1–13. doi:10.
1016/j.jamcollsurg.2008.09.023

Chen, L., Yang, Z., and Liu, H. (2023). Hemoglobin-based oxygen carriers: where are
we now in 2023?. Medicina (Kaunas, Lithuania) 59 (2), 396. doi:10.3390/
medicina59020396

Zhu, Y., Yang, G. Y., Ahlemeyer, B., and Pang, L. (2016). Manganese superoxide
dismutase as a drug target for the prevention and treatment of neurodegenerative
diseases. Drug Des. Dev. Ther. 10, 343–353. doi:10.2147/DDDT.S93118

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Hoq and Chang 10.3389/fbioe.2023.1231384

https://doi.org/10.1038/s41586-022-05016-1
https://doi.org/10.3109/21691401.2014.964554
https://doi.org/10.3109/21691401.2014.964554
https://doi.org/10.3109/21691401.2015.1110871
https://doi.org/10.3109/21691401.2015.1110871
https://doi.org/10.1007/s00253-008-1653-5
https://www.worldscientific.com/doi/epdf/10.1142/12054
https://www.worldscientific.com/doi/epdf/10.1142/12054
https://doi.org/10.1142/9789811228698_0044
https://doi.org/10.1080/21691401.2019.1577885
https://doi.org/10.1016/s0006-291x(71)80260-7
https://doi.org/10.1124/jpet.117.247460
https://doi.org/10.1111/jcmm.16783
https://doi.org/10.1080/1061186X.2017.1410564
https://doi.org/10.1038/s41467-021-23102-1
https://doi.org/10.1111/trf.13726
https://doi.org/10.1016/j.jamcollsurg.2008.09.023
https://doi.org/10.1016/j.jamcollsurg.2008.09.023
https://doi.org/10.3390/medicina59020396
https://doi.org/10.3390/medicina59020396
https://doi.org/10.2147/DDDT.S93118
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1231384

	Preliminary feasibility study using a solution of synthetic enzymes to replace the natural enzymes in polyhemoglobin-catala ...
	Introduction
	Results
	Effects on regeneration of viability of warm ischemic human hepatocytes: Us
	Stability analyses
	Enzyme activity assays

	Discussion
	Methods
	Reagents and cell line
	Neo-carbonic anhydrase (neoCA) synthesis
	Polyhemoglobin (PolyHb) preparation
	Preparation of a novel solution containing polyhemoglobin plus neoSOD, neoCAT, and neoCA
	Enzymatic assays of the novel solution in comparison to PolyHb and a solution of just synthetic enzymes
	Stability analysis of the individual synthetic enzymes in the novel solution
	Human hepatocyte culture
	Regeneration of the viability of ischemic hepatocytes
	Regenerative viability assay

	Data analysis
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


