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Good’s buffers have been widely applied in cell/organ culture over the past half a century as biocompatible pH
stabilizers. However, the emergence of severe adverse effects, such as cellular uptake, lysosomal autophagic
activation, and visible light-induced cytotoxicity, raises serious questions over its biocompatibility while un-
derlying mechanism was unclear. Here we report that riboflavin (RF, component of cell culture medium) gen-
erates 10y, -OH, and O3 under visible light exposure during regular cell manipulation. These short half-life
reactive oxygen species (ROS) react with tertiary amine groups of HEPES, producing 106.6 pM of HzO. Or-
ders of magnitude elevated half-life of ROS in the medium caused severe cytotoxicity and systematic disorder of
normal cell functions. We have further designed and validated zwitterionic betaines as the new generation
biocompatible organic pH buffers, which is able to completely avoid the adverse effects that found on HEPES and
derivate Good’s buffers. These findings may also open a new avenue for zwitterionic betaine based materials for

biomedical applications.

1. Introduction

Stable pH is extremely important for the culture of normal and
pathological cells [1,2]. Minor pH variation of the culture medium can
significantly affect the cellular fate and behavior [2-4]. Incubator with
CO,-NaHCOg3 as the buffering system is the current standard facility for
cell culture. However, cells have to be removed out from incubators for
diverse essential bench manipulations. To minimize pH variation of cell
culture mediums during bench manipulations, Good and colleagues
proposed a serial of organic substances for biological research in 1966
[5]. These small molecular substances possess both positive and nega-
tive structures that can simultaneously act as conjugate acid and con-
jugate base (Fig. S1A) to enable a stable pH for the cell culture mixture
for days outside the incubator. Therefore, it offers enough time for
diverse bench manipulations. Moreover, in comparison to conventional
inorganic buffers, Good’s buffers have been shown with multiple
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advantages: no participation in biological reactions, ignorable metal
chelating capability, no cell membrane permeability and no cytotoxicity
to normal mammalian cells [6,7]. These merits have made Good’s
buffers as the most popular buffering substances for cell/tissue culture,
virus identification, vaccine manufacture, and protein/tissue storage
over the past half a century [2,5]. Nevertheless, emerging severe adverse
effects in cell/tissue cultures have been reported. For example,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was found
to be endocytosed by cells [8]. RPMI 1640 medium supplied with HEPES
(25 mM) resulted in significant cytotoxicity under visible light [9], while
the presence of HEPES in the culture medium clearly up-regulate lyso-
somal-autophagic aggravation and inflammatory signaling of the cells
[10]. However, the underlying mechanism of these emerging severe
adverse effects associated with HEPES remains unclear.

ROS, including Hy0o, 10,, -OH, and 0% (Table 1), play essential roles
in cell signaling for it mediates diverse cell functions where redox
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Table 1
Half-life and reaction radius of different reactive oxygen species.
radicals half-life” reaction radius ref.
singlet oxygen ('0;)  ~48ns <20 nm"” [20-22]
superoxide (0'2') ~1ps limited” [23]
hydroxyl radical ~1ns limited” [24]
(eOH)
hydrogen peroxide long half-life can pass through cell [24]
(H20,) time membranes freely

# may slightly varied depend on solvent.
b Normally acts where it is generated.

signaling is involved [11-13]. However, it is considered to be a
“necessary evil” [12] for cell signaling because the excessive ROS clearly
damages DNA, protein and lipid of cells [14]. Therefore, the level of
intracellular HOs is tightly regulated within the range of 0.001-0.7 pM
for normal mammalian cells [15], while that of extracellular HyO5 is up
to 4 pM [15,16]. Previous studies have shown that oxidative compounds
can induce HyO» formation in the presence of HEPES or related tertiary
amines in PBS [17], the presence of RF in the cell culture medium can
generate ROS under light irradiation [18], and the over-express of
flavin-containing oxidase was proposed to trigger light-induced pro-
duction of H,O5 in mammalian cells [19]. Therefore, we hypothesis that
the severe adverse effects found on HEPES might be associated with the
potential abnormal ROS production in the HEPES buffered mediums.

To test this hypothesis, we attempt to systematically investigate the
extracellular and intracellular ROS production in cell culture medium
with/without HEPES, specify the source of ROS, verify the consequent
disordering of cell functions, and further propose potential alternative
buffering substance that is able to eliminate the severe adverse effects
found on HEPES.

2. Materials and methods
2.1. Synthesis and characterization of zwitterionic monomers

2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hy-
droxide (SBMA) monomer was synthesized as follows: 1, 3-Propane
sulfone (1, 3-PS, 96 mmol) in 100 mL anhydrous chloroform was
added dropwise to a solution of 2-(dimethylamino)ethyl methacrylate
(DMAEMA, 80 mmol in 200 mL of dried chloroform). The mixture was
stirred under a nitrogen atmosphere at 30 °C for 48 h. The resulting
mixture was filtered and washed with 100 mL of diethyl ether. The
product was dried under vacuum to obtain the final SBMA monomer.
The monomer was kept at 2-8 °C before further use. 'H NMR (400 MHz):
6.16 (s, 1H, =CH2), 5.78 (s, 1H, =CH2), 4.64 (t, 2H, OCHy), 3.83 (t, 2H,
CH3N), 3.59 (t, 2H, NCHy), 3.22 (s, 6H, NCHj3), 2.97 (t, 2H, CH3SO3),
2.28 (t, 2H, —CHg-), 1.94 (s, 3H, =CCH3).

2-methacryloyloxyethyl phosphorylcholine (MPC) was purchased
from Nature’s Joy (Nanjing, China). { NMR (400 MHz): 6.11 (s, 1H,
=CH), 5.68 (s, 1H, =CH), 4.32 (t, 2H, COOCHy), 4.22 (t, 2H, OCHy),
4.10 (t, 2H, CH0), 3.59 (t, 2H, CH,N), 3.14 (s, 9H, NCH3), 1.87 (s, 3H,
=CCHa).

3-(2-(methacryloyloxy)ethyl dimethylammonio) propanoate
(CBMA) monomer was prepared according to the published protocol
[25]: briefly, p-propiolactone (6 mmol) in 5 mL anhydrous acetone was
added dropwise to a solution of DMAEMA (0.79 g, 5 mmol, in 25 mL
dried acetone). The resulting mixture was stirred under a nitrogen at-
mosphere at 15 °C for 5 h. The resulting mixture was filtered, washed
with 100 mL of diethyl ether and dried under vacuum to obtain the final
CBMA monomer. The monomer was kept at 2-8 °C before further use. *H
NMR (400 MHz): 6.15 (s, 1H, =CHy), 5.77 (s, 1H, =CH)), 4.64 (t, 2H,
OCHy), 3.79 (t, 2H, CH2N), 3.67 (t, 2H, NCHy), 3.19 (s, 6H, NCH3), 2.73
(t, 2H, CH»COO0), 1.93 (s, 3H, =CCH3s).
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2.2. Synthesis of zwitterionic polymers

The preparation of the zwitterionic homo-polymers was adapted
from the published protocol [26]. Briefly, zwitterionic monomer was
dissolved in distilled water forming a 1 mol/L solution, which was fol-
lowed by the addition of ammonium persulfate (APS, 1: 14 to monomer
in mol ratio) and N,N,N',N'-tetramethylethylenediamine (TEMED, 1: 93
to monomer in mol ratio). The polymerization was carried out for 24 h
under 37 °C. The resulting mixture was dialyzed against water to remove
the residues using dialysis tubing (MWCO: 5000 Da). Zwitterionic
polymers were obtained after freeze drying. 'HNMR of pSBMA, pMPC
and pCBMA were recorded on a Bruker spectrometer using deuterated
water as a solvent. Molecular weights of three zwitterionic polymers
were determined with gel permeation chromatography (GPC) using
Shimadzu LC solution, trizma buffer as the eluent and polyethylene
glycol as the calibrating standard.

In order to avoid the influence of the catalyst residue on the cyto-
compatibility of the zwitterionic polymers, a UV induced polymeriza-
tion was performed to synthesize the zwitterionic polymers. Typically, 7
mmol of monomer was dissolved in 6 mL of ultrapure water, which was
followed by the addition of 350 pL of 2,2-azobis[2-methyl-N-(2-hydrox-
yethyl)propionamide] (VA-086, 2% w/v) solution. The mixture was
irradiated by a 365 nm UV light for 10 min at room temperature. The
resulting mixture was dialyzed (MWCO: 5000 Da) against water for 6
days before freeze drying.

2.3. Synthesis and characterization of small molecular betaines

3-(Butyldimethylammonio)propane-1-sulfonate (S-4) was synthe-
sized as follows: N, N-dimethylaminobutane (60 mmol) was added
dropwise to a solution of 1, 3-propane sulfone (1,3-PS, 60 mmol in 15
mL ethyl acetate). The mixture was stirred at 55 °C for 3 h. The resulting
mixture was filtered and washed with dry ethyl acetate. After dried
under vacuum, a white powder of S-4 was obtained. 'H NMR (400 MHz):
3.47 (t, 2H, NCHy), 3.34 (t, 2H, CH2N), 3.08 (s, 6H, NCH3), 2.97 (t, 2H,
CH5S03), 2.20 (t, 2H, —-CH»-), 1.74 (t, 2H, —-CH>-), 1.37 (t, 2H, -CHj-),
0.94 (t, 3H, —CHa).

3-(3-hydroxypropyl)dimethylammonio propane-1-sulfonate (S-OH)
was synthesized as follows: 1, 3-PS (143 mmol in 10 mL acetonitrile) was
added dropwise to a solution of 3-dimethylamino-1-propanol (150
mmol in 125 mL acetonitrile). The mixture was stirred at 55 °C for 7 h.
The resulting mixture was filtered and washed with dry acetonitrile.
After dried under vacuum, a white powder of S-OH was obtained. 'H
NMR (400 MHz): 3.69 (t, 2H, -CH;0H), 3.49 (t, 4H, CH,N), 3.11 (s, 6H,
NCHs), 2.99 (t, 2H, CHSO03), 2.25 (t, 2H, -CHj-), 2.03 (t, 2H, -CHj-).

3-(butyldimethylammonio)propanoate (C-4) was synthesized as
follows: p-propiolactone (6 mmol) in 5 mL anhydrous acetone was
added dropwise to a solution of N, N-dimethylaminobutane (5 mmol, in
25 mL dried acetone). The reaction mixture was stirred at room tem-
perature for 24 h. The resulting mixture was filtered, washed with 100
mL of diethyl ether and dried under vacuum to obtain C-4 white powder.
'H NMR (400 MHz): 3.54 (t, 2H, NCHy), 3.29 (t, 2H, CH,N), 3.05 (s, 6H,
NCHs), 2.66 (t, 2H, CH2CO>), 1.75 (t, 2H, —-CH>-), 1.39 (t, 2H, —-CH>-),
0.96 (t, 3H, —CHa).

2-(trimethylammonio)acetate (betaine) was purchased from Tan-
soole (Shanghai, China). TH NMR (400 MHz): 3.89 (s, 2H, NCH,CO»),
3.25 (s, 9H, NCH3s).

2.4. Visible light-induced H202 formation of the buffers

Fourteen RPMI 1640 mediums with different buffers or varied con-
centration of buffers (RPMI 1640 + 25 mM HEPES, RPMI 1640 + 25 mM
PSBMA, RPMI 1640 + 25 mM pMPC, RPMI 1640 + 25 mM pCBMA,
RPMI 1640 + 50 mM HEPES, RPMI 1640 + 50 mM pSBMA, RPMI 1640
+ 25 mM Tris, RPMI 1640 + 25 mM TES, RPMI 1640 + 25 mM Tricine,
RPMI 1640 + 25 mM MOPSO, RPMI 1640 + 25 mM POPSO, RPMI 1640
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+ 25 mM MES, and RPMI 1640 + 25 mM BES) were prepared. All the
mediums were sterilized by passing through a 0.45 pm polyethersulfone
membrane filter (Millipore) and stored under dark conditions at 4 °C
before use.

Visible light-induced HyO5 formation of the buffers was measured
via hydrogen peroxide assay kit (Beyotime, China). Briefly, 1 mL of each
culture medium (n = 3) was transferred into a 24-well cell culture plate
(Corning) and put in the clean bench with the bench visible light turned
on (18 W, 1 mW/cm?) at a distance of 30 cm for 0.5 h, 1 h, 3 h,
respectively. Then, 50 pL of each resulting medium was mixed with 100
pL of detection reagent in a 96-well plate. The optical density at 570 nm
was recorded. In the meantime, the optical densities of another batch of
mediums that were in dark conditions were also measured as the control
for each group. The concentration of HyO2 formed in the solution was
calculated from the standard curve.

The net concentration (N) of the HyO» generated from various cul-
ture media was calculated according to the equation:

N = Niight — Ndark (@)

where Njjgh: and Ngark are the concentrations of HoO; generated in the
culture mediums that were exposed to visible light from a clean bench
and stored in dark conditions, respectively.

2.5. Simulated sunlight-induced H202 formation of the buffers

Five buffered culture mediums, RPMI 1640 + 25 mM HEPES, RPMI
1640 + 25 mM S-4, RPMI 1640 + 25 mM S-OH, RPMI 1640 + 25 mM C-
4, RPMI 1640 + 25 mM Betaine, and pristine RPMI 1640 without HEPES
or zwitterions were prepared. Culture mediums were sterilized by
passing through a 0.45 pm polyethersulfone membrane filter (Millipore)
and stored under dark conditions at 4 °C before use.

Simulated sunlight-induced H30, formation of the buffers was
measured via hydrogen peroxide assay kit (Beyotime, China). Briefly,
100 pL of each culture medium (n = 3) was transferred into a 96-well
cell culture plate (Tansoole) with the simulated sunlight turned on
(100 mW/cm?, 5 min), respectively. After that, 50 pL of each resulting
medium was mixed with 100 pL of detection reagent in a 96-well plate
and the optical absorbance at 570 nm was recorded on a microplate
reader. The HyO, concentration was calculated according to Equation

).

2.6. Cellular uptake of the buffers

The cellular uptake behavior of the buffers was evaluated by 'H NMR
and mass spectrometry measurement (MS) analysis of the intracellular
matrix. The NMR testing buffer was firstly prepared according to the
published protocol [27]. Briefly, 0.39 g of NaH2PO4-2H50 was dissolved
in 20 mL of ultrapure water. The pH of the solution was adjusted to 7.0
by NaOH solution. Ultrapure water was added to the solution to reach a
final volume of 25 mL. The solution was frozen under —20 °C and
lyophilized to obtain NMR buffer salts. The salts were then dissolved in a
small amount of DO and the resulting solution was lyophilized again.
The resulting buffer salt was dissolved in D50 to a final volume of 25 mL.
The NMR testing buffer was stored at —20 °C before use.

Hela cells were cultured in DMEM medium (Boster, China) supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin at
37 °C in a humidified atmosphere with 5% CO, for 3 days. Buffered
DMEM mediums that contained an additional 25 mM of HEPES, pSBMA,
PMPC, pCBMA, S-4, S-OH, C-4 or Betaine were prepared and sterilized
by passing through a 0.45 pm PVDF membrane filter (Millipore). Cell
culture medium was then changed from DMEM medium to HEPES/
DMEM, pSBMA/DMEM, pMPC/DMEM, and pCBMA/DMEM, S-4/
DMEM, S-OH/DMEM, C-4/DMEM and Betaine/DMEM, respectively.
After an additional 24 h incubation, cells were washed three times with
3 mL of ice-cold PBS. Then, about 10° of Hela cells harvested from each
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culture conditions were washed with sterile PBS twice (re-suspend the
cells in 1 mL of sterile PBS and then isolate it by centrifugation).

To extract the metabolite from the cells, a 900 pL of chloroform/
methanol (6/3, v/v) solution was mixed with the cell pellet. The mixture
sonicated four times (each for 3 s) using a sonifier to damage the cell
membrane. Then the mixture was centrifuged at 15,000 rpm for 20 min
under 4 °C. The supernatant (~1 mL) was collected and lyophilized [8].

For 'HNMR measurement, cell metabolite extract was dissolved in
300 pL NMR testing buffer. The 'H NMR spectra were recorded on a
Bruker 400 AVANCE III spectrometer with 512 scans.

For mass spectrometry measurement (MS), cell metabolite extract
was dissolved in mixed solution of methanol and HyO (1:3 by volume).
The MS spectra were recorded on a DART-SVP (Ion Sense Inc., Saugus,
MA, United States) ion source coupled to an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific, United States).

2.7. ROS imaging of cells

The intracellular ROS was measured by the DCFH-DA assay kit
(Beyotime, China). To test the effect of ROS in RAW 264.7 cells, briefly,
RAW 264.7 cells were seeded into the 24-well cell culture plate at a
density of about 10* cells per well and incubated with RPMI 1640 me-
dium overnight at 37 °C and 5% CO». Then medium was changed to 25
mM HEPES/RPMI 1640, 25 mM pSBMA/RPMI 1640, respectively and
cells were incubated for 24 h. Then the culture plate was directly put in
the clean bench with the bench visible light turned on (1 mW/cm?) for 1
h. The cells were carefully rinsed twice with PBS and incubated with 10
pM DCFH-DA in FBS-free RPMI 1640 medium for 20 min in the dark. The
cells were carefully rinsed with fresh cell culture medium and the
intracellular ROS levels were determined by confocal laser microscopy
with excitation wavelength at 488 nm.

To test the effect of ROS in L-02 cells, briefly, L-02 cells were seeded
in 35 mm confocal culture dishes (Wuxi NEST Biotechnology Co., Ltd,
China) and incubated with RPMI 1640 medium overnight at 37 °C and
5% COs. Then the medium was changed to 25 mM HEPES/RPMI 1640,
25 mM POPSO/RPMI 1640, 25 mM MOPSO/RPMI 1640, 25 mM Tri-
cine/RPMI 1640, 25 mM pSBMA/RPMI 1640, 25 mM pCBMA/RPMI
1640, 25 mM pMPC/RPMI 1640, respectively and cells were incubated
for 24 h. Then the culture dishes were put in the clean bench with the
bench visible light turned on (1 mW/cm?) for 3 h. Cells were stained and
photographed according to the above steps for RAW 264.7 cells.

To test the intracellular ROS in L-02 cells, after incubating with
different buffer mediums for 24 h, the medium was changed to RPMI
1640 and the culture plate was directly put in the clean bench with the
bench visible light turned on (1 mW/cm?) for 3 h. The intracellular ROS
levels were determined with confocal laser microscopy with excitation
wavelength at 488 nm.

To test the effect of ROS in L-02 cells induced by simulated sunlight,
briefly, L-02 cells were seeded into the 24-well cell culture plate and
allowed to grow in pristine RPMI 1640 medium for 24 h. Then the
medium was changed to 25 mM HEPES/RPMI 1640, 25 mM S-4/RPMI
1640, 25 mM S-OH/RPMI 1640, 25 mM C-4/RPMI 1640, 25 mM
Betaine/RPMI 1640, respectively for another 24h. After staining the
cells, the culture plates were put under the simulated sunlight with light
turned on (100 mW/cm?) for 5min, respectively, and photographed by
inverted fluorescence microscope (Nikon, N Storm).

2.8. Lysosomal activation of cells by buffers

Ana-1 cells (Cell Bank of the Chinese Academy of Sciences, Shanghai,
China) were cultured in 10 mL of RPMI 1640 medium (Boster, China)
supplemented with 10% fetal bovine serum (ScienCell) and 1% peni-
cillin/streptomycin. Cells were harvested and were re-suspended in a
fresh medium. Equal amounts of the cell suspension were transferred to
the glass bottom cell culture dish (NEST, China) and were cultured in
RPMI 1640 mediums containing 25 mM of HEPES, pSBMA, pMPC or



P. Liu et al.

PCBMA for 24 h. Cells cultured in regular RPMI 1640 medium were
served as the control. After incubation, cells were rinsed gently with
fresh medium, stained with 50 nM LysoTracker Red DND-99 (Beyotime,
China, 5 min), washed with fresh medium, and imaged by confocal
microscope (Nikon, N Storm).

RAW 264.7 cells were cultured in 10 mL of DMEM medium (Boster,
China) supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. Cells were harvested and were re-suspended in a fresh
medium. Equal amounts of the cell suspension were transferred to the
24-well cell culture plate and were cultured in DMEM mediums con-
taining 25 mM of HEPES, S-4, S-OH, C-4 or Betaine for 24 h. Cells
cultured in regular DMEM medium were served as the control. After the
culture, cells were rinsed gently with fresh medium, stained with 50 nM
LysoTracker Red DND-99 (Beyotime, China, 5 min), washed with fresh
medium, and imaged by inverted fluorescence microscope (Nikon, N
Storm).

2.9. Immunofluorescence

RAW264.7 cells (3 x 10° cells in 3 mL of RPMI 1640 medium in each
well) were cultured in a 6-well cell culture plate with glass coverslip in
each well for 24 h. The mediums in each well were replaced with 2 mL of
fresh mediums (RPMI 1640, RPMI 1640 with 25 mM of HEPES, and
RPMI 1640 with 25 mM of pMPC) which were exposed to regular visible
light in clean bench for 3 h in advance, respectively. After further 4 h
incubation, cells on glass coverslips were fixed in 4% paraformaldehyde
(Beyotime, P0099) for 10 min at room temperature. Then, cells were
rinsed in ice-cold PBS, treated with PBS containing 0.15% Triton ( x
100) for 10 min, washed in PBS, and incubated in blocking buffer
(Beyotime, P0220) for 10 min. The cells were firstly stained with diluted
primary antibody for TFE3 (Affinity, AF7015) overnight at 4 °C. After
washed in PBS, cells were incubated with Alexa Fluor 488-labeled Goat
Anti-Rabbit IgG(H + L) (Beyotime, A0423) for 1 h in dark condition,
washed in PBS and then stained in DAPI solution (Beyotime, C1006) for
5 min in dark condition. After washed with PBS, each glass coverslip was
mounted with a drop of antifade mounting medium (Beyotime, P0126).
Representative images were captured with a Confocal Nikon with a
100x objective and an excitation wavelength of 488 nm.

2.10. Cytotoxicity assay

Cytotoxicity of the several representative Good’s buffers (HEPES,
MOPSO, POPSO, and Tricine) and zwitterion polymers containing me-
diums on five type of cells (L-02, RAW264.7, NB4, Hela, and A549 cells)
in addition to the previous experiments on cells) was evaluated by the
Cell Counting Kit-8 (CCK-8) assay. Briefly, pristine RPMI 1640 medium
and RPMI 1640 containing 25 mM of different buffer culture mediums,
PSBMA, pCBMA, or pMPC were exposed to regular visible bench light
for 3 h. Afterwards, 100 pL of each resulting medium were placed into
96-well microplates, and 100 pL cells suspension (1 x 10° cell/mL)
added into each well. Cells cultured with the corresponding medium
that were stored under dark conditions were set as the control for each
group. After 24-h’s incubation at 37 °C, the medium in each well was
replaced by 200 pL of fresh RPMI 1640 and 20 pL of CCK-8 reagent. Cells
were cultured for an additional 4 h incubation, the absorbance (at 450
nm) of the medium from each well was recorded on a microplate reader.
Cell viability was determined via the following equation:

Cell viability (%) = (ODcxpcrimcnta] group/ODcontrol group) x 100% 2

Cytotoxicity of the HEPES and zwitterions containing mediums was
evaluated by the Cell Counting Kit-8 (CCK-8) assay. Briefly, pristine
RPMI 1640 medium and RPMI 1640 containing 25 mM of HEPES, S-4,
S-OH, C-4 or Betaine were exposed to simulated sunlight for 5 min.
Afterwards, 100 pL of each resulting medium were placed into 96-well
microplates, and 100 pL cells suspension (1 x 10° cell/mL) added into

379

Bioactive Materials 24 (2023) 376-386

each well. Cells cultured with the lighted RPMI 1640 medium were set as
the control. After 24-h’s incubation at 37 °C, cell viability of each
buffered medium was detected according to the above steps for visible
light measurements.

2.11. LIVE/DEAD staining assays

The viability of L-02 cells was evaluated with the LIVE/DEAD Assay.
L-02 cells were seeded in 35 mm confocal culture dishes (Wuxi NEST
Biotechnology Co., Ltd, China) and allowed to grow in pristine RPMI
1640 medium for 24 h. Then, the culture media were replaced by visible
light exposed mediums that contained 25 mM of HEPES or zwitterion
polymers. After an additional 24 h culture, cells were stained with the
LIVE/DEAD kit according to vender’s protocol. The live/dead images of
cells were recorded by laser confocal microscopy (Nikon, N Storm).

2.12. Apoptosis assays

Apoptosis of cells that cultured in HEPES and zwitterion polymers
(pMPC) containing mediums was evaluated by the Annexin V-EGFP
Apoptosis Detection Kit (Beyotime). Briefly, 1 mL of L-02 cells suspen-
sion (3 x 10* cell/mL in pristine RPMI 1640) was seeded into each well
of a 24-well cell culture plate. After 24 h’ culture, the medium in each
well were replaced by fresh RPMI 1640 mediums that containing 25 mM
of HEPES and pMPC, respectively. Immediately, the conditioned me-
diums with cells were exposed to the regular visible bench light
(Fig. S1B) for 1 h and 3 h, respectively. After additional 24 h’ incubation
at 37 °C, the cells were stained with the Annexin V-EGFP Apoptosis
Detection Kit according to the vendor’ protocol (Beyotime, Annexin V-
EGFP Apoptosis Detection Kit). The fluorescence of the cells was imaged
with a fluorescence microscope.

2.13. Electron spin resonance (ESR) spectroscopy measurements

The visible light induced generation of ROS of riboflavin solutions
with/without HEPES were evaluated by ESR spectroscopy. 2,2,6,6-tetra-
methylpiperidine (TEMP, 50 mM) was used as a spin trap to detect 105,
and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 100 mM) was used to
trap O3~ and -OH. Typically, 200 pL of sample suspension (riboflavin:
20 pM) and 600 pL of the capture agent were irradiated under a 300 W
Xe lamp (120 mW/cm?) for 5 min. After that, 200 pL of the freshly
prepared mixture was added to a quartz EPR tube and then sealed. The
ESR spectra was acquired by inserting the tube into the spectrometer
cavity.

2.14. Buffering capability tests

To test the buffering capability of pSBMA, pMPC, pCBMA and
HEPES, 0.21 M of pSBMA, pMPC, pCBMA and HEPES stock solutions
(with 0.1 M NacCl) were prepared and the pH was adjusted to 7.00. The
concentrations of the zwitterionic polymers were calculated according
to the zwitterionic repeat units in the polymers. Acidic standard solution
(pH = 3.00) and the basic standard solution (pH = 9.00) were prepared
with 0.1 M HClI or NaOH solution, respectively. Typically, acidic or basic
standard solution was loaded into the syringe and injected into 8 mL of
each stock solution via pumping (WH-SP-02, Suzhou Wenhao Micro-
fluidic Technology Co., Ltd.) at a constant rate (200 pL/min). Real-time
pH value was recorded every 2 min by pH meter (PI5100, Alalis In-
struments Technology (Shanghai) Co., Ltd.). The 0.1 M NacCl solution
without any buffering reagent was set as the control.

To test the intrinsic buffering capacity of pCBMA and HEPES, the
PCBMA and HEPES stock solutions (0.21 M) were prepared without pH
adjustment. Real-time pH values of the two buffering solutions were
recorded as per the methods described above.

To test the buffering capability of S-4, S—-OH, C-4, Betaine and
HEPES, 0.1 M of S-4, S-OH, C-4, Betaine and HEPES stock solutions
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(with 0.1 M NaCl) were prepared and the pH was adjusted to 7.00.
Acidic standard solution (pH = 4.00) was prepared with 0.1 M HCI so-
lution. Typically, acidic or basic standard solution was loaded into the
syringe and injected into 8 mL of each stock solution via pumping (WH-
SP-02, Suzhou Wenhao Microfluidic Technology Co., Ltd.) at a constant
rate (200 pL/min). Real-time pH value was recorded every minute by pH
meter (962244, Shanghai INESA Scientific Instrument Co., Ltd.). The
0.1 M NaCl solution without any buffering reagent was set as the control.
The buffering capacity of each buffer was calculated according to the
Van Slyke buffer capacity (p) equation [28,29]:

dA
——— 0
dpH

dB

- - =
p dpH

r f 3
where A and B are the number of moles of strong base and strong acid,
respectively [30].

2.15. pH variation in buffered medium

Firstly, the DMEM powder (D2902) was purchased from Sigma-
Aldrich and dissolved in sterilized water to form the DMEM medium.
Then, DMEM +10% FBS, 25 mM NaHCO3/DMEM +10% FBS, 25 mM
HEPES/DMEM +10% FBS, 25 mM pCBMA/DMEM +10% FBS and 50
mM pCBMA/DMEM +10% FBS were prepared and sterilized by passing
through a 0.45 pm polyethersulfone membrane filter (Beyotime). All the
pH was adjusted to 7.20 using NaOH or HCI solution before adding to
the culture flask. Then, 4 mL of Hela cells (50 000 per mL) were cultured
in sealed culture flasks over 24 h, and the medium were replaced to
corresponding DMEM media, respectively. At the time point, the media
were taken out and the pH was tested using pH meter. Cell morphology
was captured by a microscope (Nikon, ECLIPSE Ti).

3. Results and discussion

3.1. Extracellular ROS production in RPMI 1640 mediums associated
with HEPES and zwitterionic polybetaines

To investigate the extracellular ROS production in HEPES buffered

w
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cell culture medium, RPMI 1640 medium supplemented with 25 mM of
HEPES (Fig. 1A) was exposed to the visible light of clean bench
(Fig. S1B). About 9.7 pM of Hy0, was detected in pristine RPMI 1640
medium without HEPES (Fig. 1B) after 3h's exposure, mainly due to the
RF component (0.2 mg/L) is a photosensitizer [18]. Further specific
electron spin resonance (ESR) evaluation on RF solutions revealed the
presence of three primary ROS (10, -OH, and 0%) during the regular
in-door visible light exposure (Fig. 1C and Fig. S2). Surprisingly,
significantly decreased 'O, and -OH signals (by 93.2% and 73.4%,
respectively) signals were detected in HEPES buffered medium (Fig. 1C).
Instead, more than 10-fold increased HyO» (106.6 pM) was detected
(Fig. 1B) with exposure time and concentration dependent manners
(Fig. 1D &E).

Previously, Kirsch et al. created a model and tested the possibility
that utilize nitric oxide (-NO) and O3 as the precursor oxidants to trigger
Hy0, formation in PBS. They found that the amount of HOy was
increased from 15 pM to 190 pM with the presence of HEPES, and
proposed the mechanism by drawing attention to the tertiary amine
structures, which act as the electron donating group accelerating the
H0, formation in the presence of precursor oxidants [17]. Theoreti-
cally, the massive primary ROS species (102, -OH, and 0%) detected in
the mediums that originated from RF under visible light exposure
(Fig. 1C and Fig. S2) can also act as the oxidants to trigger the HyO9
formation in the presence of HEPES (Fig. 1F).

Beyond HEPES, we further tested the abnormal HyO5 formation in
RPMI 1640 mediums that supplied with seven additional typical Good’s
buffers (Tris, TES, Tricine, MOPSO, POPSO, MES, and BES, Fig. 2A). As
quantified by HyO» quantification kit, about 91.2-156.7 pM of Hy04
were formed in four tertiary amine groups (MOPSO, POPSO, MES, and
BES), and about 60 pM of HyOy were formed in two secondary amine
groups (TES and Tricine), while no obvious up-regulated HoO; forma-
tion in the mediums that supplied with Tris under identical condition
(Fig. 2B). In light of the wide presence of tertiary amine and secondary
amine structures in Good’s buffers (Fig. S1A), the abnormal H,0, for-
mation in the cell culture medium supplied with Good’s buffers is
anticipated to be general.

Fig. 1. Extracellular ROS production in RPMI 1640
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3.2. Intracellular ROS production in RPMI 1640 mediums associated with
HEPES and zwitterionic polybetaines

Next, we examined potential intracellular ROS production associated
with Good’s buffers. As expected, intensive intracellular ROS signal as
indicated by fluorescence DCF was detected on L-02 cell lines that
cultured in the medium supplied with three tertiary-amine-type Good’s
buffers (HEPES, POPSO, and MOPSO), while no obvious intracellular
ROS signal was detected in the cells that cultured with pristine medium
(Fig. 3A & B). Similar results were observed on RAW 264.7 cell line
(Fig. S3), indicating the generality of these buffers in inducing the
abnormal intracellular ROS production.

To clarify the underlying reason, we analyzed the ingredients of
intracellular metabolites of cells that cultured with/without the
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ROS
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icant unless denoted as “ns” (not significant) as
determined by One-way ANOVA multiple comparison
tests.
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characteristic signals of HEPES in the.

intracellular extracts (chemical shift between 2.7 and 4.0 ppm,
denoted as red “v”in Fig. 3C) as compared to the controls (DMEM and
intracellular metabolites extracted from Hela cells that cultured in reg-
ular DMEM medium). Mass spectra of the intracellular matrix further
evidenced the presence of HEPES in the intracellular extracts (Fig. 3D).
These data not only indicated a clear cellular uptake phenomenon of
HEPES, more importantly, it questioning the past perception of Good’s
buffers that no trafficking through cell membranes [5-8]. To identify the
major contributor of the significantly up-regulated intracellular ROS
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24 h, then the culture medium was changed to regular RPMI 1640 me-
dium before the fluorescence staining. Interestingly, only minimal L-02
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cells were stained green (Fig. S4), indicating a slightly up-regulated
intracellular ROS production with the HEPES that endocytosed by
cells. Therefore, the majority of massive abnormal intracellular ROS
detected in cells could be mainly attributed to the penetration of the
extracellular HoO, that formed in the medium with the presence of
HEPES.

3.3. Disorder of normal cell fate and behaviors that induced by the up-
regulated exogenous ROS

ROS play essential roles in cell signaling for it mediates diverse
normal cell functions where redox signaling is involved [11,12]. How-
ever, it is considered to be a “necessary evil” [12] for cell signaling
because the excessive ROS clearly damages DNA, protein and lipid of
cells [14]. Therefore, the level of intracellular HyO5 is tightly regulated
within the range of 0.001-0.7 pM for normal mammalian cells [15],
while that of extracellular HyO3 is up to 4 pM [15,16]. Given the orders
of magnitude elevated abnormal exogenous HoO5 formation associated
with the presence of HEPES in the culture medium, we further investi-
gated its potential disorder of the normal cell behaviors (cell viability,
cytotoxicity, and lysosomal autophagic activation).

To test the potential cytotoxicity of the abnormal exogenous HyoO
formed in cell culture medium, the viability of three typical adherent
and planktonic cells that cultured with buffered mediums were evalu-
ated. After 3-h’s culture in RPMI 1640 mediums supplemented with 25
mM of HEPES, POPSO, MOPOSO, and Tricine, the viabilities of L-02
cells were drastically decreased by approximately 53.8, 77.7, 50.5,
34.4%, respectively (p < 0.01, Fig. 4A), while those of RAW 264.7, NB4,
A549, and Hela cells were drastically decreased by 83.3, 56.6, 50.3, and
77.8%, respectively (p < 0.01, Figs. S5-S7). Confocal microscopy im-
aging data also confirmed the severe cytotoxicity of the abnormal
exogenous HyO3 (Fig. 4B and Fig. S8). Further apoptosis assay of L-02
cells indicated the clear damage of the cells (apoptotic cells were stained
green, dead cells were stained both green and red, while live cells with
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no staining) when cultured in the medium that supplied with HEPES as
the buffering substances (Fig. S9). The damage of the HEPES to the cells
was increased with the prolongation of the regular visible light exposure
time, which is consistent to the results of cytocompatibility assays. In
vast contrast, zwitterionic pMPC buffers in the RPMI 1640 medium
showed no damage to the cells under identical conditions.

To identify the potential impact of HEPES mediated abnormal ROS
formation on the lysosomal-autophagic gene network of cells, Ana-1
cells were cultured in RPMI 1640 mediums supplemented with 25 mM of
HEPES. Notable activation of the lysosomal-autophagic gene network of
the Ana-1 cells was observed (Fig. 4C). Since lysosome is a membrane-
bound organelles that is integral to nutrient-sensing and metabolic
rewiring [31-33], where ROS is involved for it has been shown to induce
autophagy under both physiological and pathological conditions
through regulating the multiple MiT-TFE transcription factors including
TFEB, TFE3 and MITF [34], as well as activate lysosomal TRPML1
channels (inducing lysosomal Ca>" release) [35]. Further study on RAW
264.7 cells identified that the presence of HEPES in the cell culture
medium clearly upregulated the translocation of TFE3, one of repre-
sentative MiT/TFE transcription factors. In vast contrast, the zwitter-
ionic pMPC buffers showed no difference to that of the negative control
group (Fig. 4D). These data clearly indicated the abnormal extracellular
& intracellular ROS formation could be the explanation for the irregular
lysosomal-autophagic gene network activation of Ana-1 cells that found
by Eijk et al. [10].

Given the facts that the exogenous HyO2 were converted from the
primary ROS (10,, -OH, and 0%), the higher reactivity of 10, than H,0,
and comparable moderate reactivity between Hy04, -OH, and O3, why
the primary ROS in pristine medium showed no obvious up-regulation of
extracellular/intracellular ROS production, no cytotoxic, and no
lysosomal-autophagic gene network, while the resulting abnormal
exogenous Hy05 induced systematic side effects? To answer this ques-
tion, the varied half-life and diffusion distance of different ROS should
be taken into account. It’s reported that the half-lives of the three

Fig. 4. Disorder of normal cell fate and behavior that
induced by the up-regulated exogenous ROS associ-
ated with HEPES. (A) Viability of L-02 cells cultured
in RPMI 1640 mediums that supplied with 25 mM of
representative Good’s buffers (HEPES, POPSO,
MOPSO, and Tricine) and zwitterionic polybetaines
(pSBMA, pMPC, and pCBMA). RPMI 1640 medium
without buffer was set as the negative control. (B)
Live/Dead staining of L-02 cells cultured in HEPES/
RPMI 1640 and pCBMA/RPMI 1640 mediums under
visible light illumination of the ordinary clean bench
a mW/cmz, 3 h). All scale bars are 100 pm. (C)
LysoTrackerRed staining of Ana-1 cells that cultured
in RPMI 1640 mediums supplied with different
buffers (HEPES v.s. pSBMA). All scale bars are 10 pm.
(D) Immunofluorescence staining of RAW264.7 cells
that cultured in RPMI 1640 mediums supplied with
identical concentration of HEPES and pMPC buffers
(25 mM). (E) Log-plot of the half-life of 10,, -OH, 03
~, and Hy0,. (F) Schematic illustration of systematic
disorder of cell fate and behavior that induced by the
massive exogenous ROS associated with HEPES.
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primary ROS (!0, -OH, and O%) are ranging from 1 ns to 1 ps (Fig. 4E,
Table 1) [23,24,36], therefore, it presumably acts where it was gener-
ated (e. g. the diffusion distance of 102 is only 20 nm) [36]. In vast
contrast, HyO is a long-life time ROS with much longer diffusion dis-
tances, it even can pass through cell membranes freely [37]. The orders
of magnitude increased half-life, diffusion distance, and concentration
of ROS can undoubtedly produce severe cellular damage and disorder-
ing of normal cell functions. Given the facts that endogenous ROS
mediate diverse physiological responses such as cell proliferation, dif-
ferentiation, migration, and metabolism [12], the disordering of cellular
fate and behavior by the massive exogenous Hy0- is anticipated to be
systematic (Fig. 4F) and may produce fundamental fake results in cell
based researches. In light of wide presence of tertiary amine structure in
Good’s buffers, as well as the widespread applications of Good’s buffers
in cell/tissue culture, virus identification, vaccine manufacture, and
protein/tissue storage over the past half a century, these findings call
critical attention on the utilization of HEPES and other derived Good’s
buffers for biological applications.

3.4. Zwitterionic betaines as the new generation biocompatible pH buffers

It’s well known that RF is a water soluble vitamin that functions as a
prosthetic group of flavoproteins. It could bind macromolecules such as
serum albumin in cell culture mediums and plays a role in energy pro-
duction in the cell/body, thus, RF is widely presented in commercial cell
culture mediums. In order to avoid the severe side effects as revealed
above that associated with RF and HEPES, we are trying to design a new
type of biocompatible buffering substances alternative to HEPES for cell
culture.

Zwitterionic betaine-based polymers, including pSBMA, pMPC and
PCBMA (Fig. 1A), have attracted substantial attention in the past two
decades for their excellent blood compatibility and antifouling capa-
bility [38-44]. Based on the revealing of the mechanism why the pres-
ence of HEPES in the cell culture medium can induce severe side effects
and the understanding of the central role of the tertiary amine structure
in mediating massive exogenous HyO, production in the presence of
primary ROS, combined with the fact that similar chemical structures
between zwitterionic polybetaines and HEPES (contains both positive
and negative motifs), we further hypothesize that the zwitterionic pol-
ybetaines might be a potential alternative cytocompatible buffering
materials. To test this hypothesis, three zwitterionic polybetaines
(pSBMA, pMPC, and pCBMA) were prepared (Figs. S10-S12 and
Table S1). The extracellular & intracellular ROS production, cellular
uptake phenomenon, disordering of the normal cell fate and behaviors,
as well as the buffering capacity were evaluated.

As expected, only 7.8, 9.5, and 8.5 pM of H30 (the same level as
compared to that of pristine RPMI 1640 medium) were detected in
PSBMA, pMPC and pCBMA containing RPMI 1640 mediums (Fig. 1B)
with a time and concentration independent manner (Fig. 1D and E),
clearly indicating the inertness of zwitterionic polymers in inducing the
extracellular H,O, formation in the presence of primary ROS (Fig. 1F).
Meanwhile, no obvious intracellular ROS was detected in the cells that
cultured with all three zwitterionic polymers supplied mediums (Fig. 3A
& B, and Fig. S3), while no obvious cellular uptake was detected (Fig. 3C
and Fig. S13). Endocytosis is a basic & complex cellular process that
regulates the internalization of diverse molecules. It can be divided into
clathrin-dependent and clathrin-independent pathways [45]. However,
no matter which pathway takes place, specific interactions between
targeting substances and the cell membrane is expected.

Zwitterionic betaine-based polymers are well-known for their
excellent antifouling capability [40-44,46,47]. The unique zwitterionic
structure (oppositely charged yet overall electronically neutral) is able
to bind massive water through electrostatic interactions, forming a steric
barrier to interact with proteins and maintaining the normal confor-
mation of proteins that encountered [48,49]. Therefore, without specific
interaction or binding with proteins and other biomacromolecules in
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general, zwitterionic polymers are able to inhibit cellular uptake.
Without the production of extra exogenous HyOg, the supplement of
zwitterionic polymers in the culture medium do not compromise the cell
viability (Fig. 4A & B and Figs. S5-58), and do not up-regulate lysoso-
mal-autophagic gene network activation (Fig. 4C & D, and Fig. S14).
These data clearly indicated the advantages of zwitterionic polybetaines
over the HEPES or other derived Good’s buffers in terms of biocom-
patibility. Encouraged by these exciting results, we further tested the
buffering capacity of the zwitterionic polybetaines.

To investigate the buffering property, stock solutions of three zwit-
terionic polymers and HEPES were prepared with identical concentra-
tions (0.21 M) and pH (7.0). By constant adding (200 pL/min) of a
standard acidic solution (pH = 3.0), the real-time pH of the buffer so-
lutions was monitored. As expected, owing to the capability of zwit-
terionic motifs to trap H™ and OH™ ions, three zwitterionic polymers
exhibited clear buffering capabilities as compared to the control
(Fig. 5A). Further calculation of the Van Slyke buffering index (84) [28,
29] revealed the buffering capacity order of three zwitterionic polymers:
pCBMA > pMPC > pSBMA (Fig. 5A, Fig. S15 and Table 2). Given their
similar positively charged structure (quaternary ammonium group), the
different buffering capacity could be attributed to varied negatively
charged structures of the zwitterionic polymers (carboxylate v.s. phos-
phate v.s. sulfonate, Fig. 1A). It is reported that the acid dissociation
constant (pK,) of carboxylate, phosphate and sulfonate groups are 4.76,
1.39 and 1, respectively [50-52]. The higher pK, value, the greater
protonation capability (trapping the H' ions) of the compound.

Notably, pCBMA possesses the highest buffering capacity (8.99 x
107 mol-pHil) among the three zwitterionic polymers, however, it was
still an order of magnitude lower than that of HEPES at the adjusted
initial pH (7.00) condition (Table 2). Multiple protonation groups (two
tertiary amine groups and a sulfonate group, Fig. 5B) of HEPES with a
higher pK, value (7.55) [2] could be the underlying reason. Interest-
ingly, without initial adjustment of pH, the buffering index of HEPES
(initial pH is 5.40) decreased significantly to 3.98 x 107> mol-pH!
(Fig. S16 and Table 2): an order of magnitude lower than that with the
initial pH adjustment to 7.0 (Fig. 5C). Instead, the logarithmic value of
the acid buffering index (8a) of pCBMA (initial pH is 5.13) was increased
from —5.05 to —3.94 (Table 2). The variations of the buffering capacity
along with the adjustment of pH, may be associated with the optimal
buffering range of different buffers [53]. Combined with the higher
logarithmic value of base buffering index (fg) than that of HEPES (—5.55
v.s. —5.99), pCBMA exhibited an overall better intrinsic buffering ca-
pacity than HEPES. Further investigation revealed that the buffer index
of pCBMA polymer is proportional to its concentration (Figs. S17A-C
and Table 2), indicating the possibility to improve the buffering prop-
erty by increasing the concentration when required. These data clearly
indicated that the zwitterionic polymers, owing to the capacity to trap
surrounding H' or OH™ ions through electronic interactions, can exhibit
comparable buffering properties to that of HEPES.

To validate the pH buffering performance of zwitterionic polymer
buffers during cell culture, Hela cells were cultured in DMEM medium
that supplied with different buffers in sealed cell culture flasks
(Fig. S17D) and the pH variations of the mediums were recorded daily.
As expected, the pH of the pristine DMEM was markedly dropped from
7.2 to 7.06 at day 1 while the final pH was decreased by 0.18 pH unit at
day 3 (Fig. 5D). In comparison, the significantly minimized pH varia-
tions were observed at days 3 on HEPES/DMEM medium (0.06 unit
decrease) and pPCBMA/DMEM mediums (0.10 and 0.09 unit decrease for
25 and 50 mM, respectively), further confirmed comparable buffering
properties of zwitterionic pPCBMA and HEPES for cell culture.

To further demonstrate the generality of betaine based materials as
the new type of cytocompatible buffering substances, four small mo-
lecular zwitterionic betaines were prepared (Fig. 6A). The visible-light
induced Hy05 production, cellular uptake phenomenon, potential dis-
order of cellular behaviors, and buffering property of these small mo-
lecular betaines were investigated. Interestingly, unlike that of
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Fig. 5. pH Bulffering property of HEPES and zwitterionic polybetaines. (A) Real-time pH monitoring of HEPES, pSBMA, pMPC, and pCBMA aqueous solutions with
the adding of standard acidic solution (pH = 3.0) at a constant rate of 200 pL/min. Concentrations of different buffer solutions were fixed at 25 mM with initial pH
adjustment to 7.00. Pure water (black curve) was set as the negative control. (B & C) Real-time pH monitoring of HEPES and pCBMA aqueous solutions with the
adding of standard acidic solution (pH = 3.0) or standard base solution (pH = 9.0) at a constant rate of 200 pL/min. Concentrations of the buffer solutions were fixed
at 25 mM without initial pH adjustment. (D) pH variations of the culture mediums supplied with different buffers. About 200,000 Hela cells were seeded in each
culture bottle. Cell culture mediums were changed daily with corresponding fresh mediums (pH was adjusted to 7.2). DMEM without buffers was set as the

negative control.

Table 2

Buffering capacity of various buffers in different conditions.

Buffers Concentration Ttitration standard B log10f
(mM) solution (mol-pH™1)

PSBMA 210 Acid 9.17 x 1077 —6.04
pMPC ¢ 210 Acid 216 x 10°°  —5.67
pCBMA 210 Acid 899 x10°® —5.05
HEPES ¢ 210 Acid 285x107* -355
HEPES” 210 Acid 398 x107°  —4.40
Base 1.03x10°% —599
PCBMA 210 Acid 1.15x 10°*  —3.94
b Base 282 x10° 555
pCBMA 25 Acid 3.47x107® 546
pCBMA 50 Acid 434x10° -536
pCBMA 100 Acid 6.27 x 10°®  -5.20
pCBMA 200 Acid 122x107°  —4.91
pCBMA 400 Acid 2.1 x107° —4.68

2 initial pH of the buffering solution was adjusted to 7.00.
b pristine buffering solution without initial pH adjustment.

macromolecular polybetaines, characteristic signals of all four small
molecular betaines were detected from the NMR spectra of intracellular
metabolites from Hela cells (Fig. 6B and Fig. S18). This could be mainly
attributed to the penetration of the small molecular compounds during
the culture similar to that of HEPES [8]. However, all four small mo-
lecular betaines did not induce abnormal H2O production (Fig. 6C) for
quaternized amines are inert in inducing HoO5 formation in the presence
of primary ROS (Fig. 1F). Consequently, all four small molecular beta-
ines showed no compromising of cell viability (Fig. 6D), no abnormal
lysosomal-autophagic gene network activation of RAW264.7 cells
(Fig. 6E and Fig. S19), and no abnormal intracellular ROS expression
(Fig. S20), while exhibited apparent buffering properties (Fig. 6F).
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4. Conclusions

For the first time, we have clearly revealed the underlying mecha-
nism that associated with the severe side effects of HEPES during cell
culture: RF in the commercial cell culture medium can generate multiple
short half-life time ROS (include 'O, -OH, and 0% ) under visible light
exposure during regular in-door cell manipulation. The tertiary amine
group of HEPES turns the majority of these short half-life time ROS to
long life-time HyO9 with orders of magnitude up-regulated dosages. The
massive exogenous ROS not only generate severe cellular damage, but
also cause systematic interfering to the redox signaling of cells (e. g.
lysosomal-autophagic gene network activation of cells) and may pro-
duce fundamental fake results in cell based researches.

More importantly, we have illustrated the generality of Good’s
buffers in inducing abnormal exogenous HyO5 formation in cell culture
mediums, and further revealed an order of tertiary amines > secondary
amines > primary amines in term of the capacity to induce HyO» for-
mation under identical conditions. Given the facts that endogenous ROS
mediate diverse physiological responses (e. g. cell proliferation, differ-
entiation, migration, and metabolism) and the wide presence of tertiary
amine and secondary amine structures in Good’s buffers, these findings
call critical attention on the use of Good’s buffers for biological
applications.

Based on the understanding of the above mechanism, we have
further designed and validated zwitterionic betaine based materials as
an alternative cytocompatible buffers. Its quaternized amine group, over
the tertiary amine groups in HEPES, is able to completely avoid the
abnormal extracellular and intracellular ROS production and the
consequent systematical severe side effects that found on HEPES.
Meanwhile, its unique oppositely charged yet overall electronically
neutral structures can effectively trap the surrounding free H" or OH™
ions, endowing comparable buffering capacity to HEPES. These findings
may enable zwitterionic betaines as the leading biocompatible & the
new generation organic pH buffering materials for a wide range of
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Fig. 6. H,0, production, cellular uptake phenome-
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biomedical applications. These findings may also open a new avenue for
zwitterionic betaine based materials for biomedical applications.

This is a primary study to announce a critical attention of HEPES as
the pH buffer for cell culture and propose the zwitterionic betaine based
materials as the potential alternative pH buffering substance for cell
culture. Many further investigations such as the disordering of normal
functions of many other cell lines, as well as the deep & detailed re-
searches regarding how these buffering substances impact the signal
pathways, the function of organelle, and the consequent metabolism
process of any specific cells are worthy of study.
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