High-Quality Three-Dimensionally Cultured Cells Using Interfaces of Diblock Copolymers Containing Different Ratios of Zwitterionic N-oxides
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ABSTRACT:

To control three-dimensional (3D) cell spheroid formation, it is well known the surface physicochemical and mechanical properties of cell culture materials are important; however, the formation and function of 3D cells are still unclear.
This study demonstrated the precise control of the formation of 3D cells and 3D cell functions using diblock copolymers containing different ratios of a zwitterionic trimethylamine N-oxide (N-oxide) group. The diblock copolymers were composed of poly(n-butyl methacrylate)(PBMA) as the hydrophobic unit for surface coating on a cell culture dish and stabilization in water, and poly(2-(dimethylamino)ethyl methacrylate)(PDMAEMA) as the precursor of N-oxide. The zwitterionic N-oxide converted from 0 to 100% using PDMAEMA.  The wettability and surface zeta potential varied with different ratios of N-oxide diblock copolymer-coated surfaces, and the amount of protein adsorbed in the cell culture medium decreased monotonically with increasing N-oxide ratio. 3D cell spheroid formations were observed by seeding human umbilical cord mesenchymal stem cells (hUC-MSCs) in diblock copolymer-coated flat-bottom well plates, and the N-oxide ratio was over 40%.  The cells proliferated in two-dimensions (2D) and did not form spheroids when the N-oxide ratio was less than 20%. Interestingly, the expression of undifferentiated markers of hUC-MSCs was higher on surfaces that adsorbed proteins to some extent and formed 50–150 μm spheroids in the range of 40–70% of N-oxide ratio. 
We revealed that a moderately protein-adsorbed surface allows precise control of spheroid formation and undifferentiated 3D cells and has potential applications for high-quality spheroids in regenerative medicine and drug screening.
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1. Introduction

Zwitterionic molecules, which have both positively and negatively charged groups with an overall net charge of zero, are classified into three major classes: phosphobetaines [1-4], sulfobetaines [5,6], and carboxybetaines [7,8]. They have been studied for various applications owing to their antibiofouling properties. Studies on the interaction of zwitterionic interfaces with proteins have been extensively reported, and the effects of the alkyl spacer length between negative and positive charges [9], modification time of tertiary amino groups [10], and the thickness and density of zwitterionic polymers [11] on protein adsorption have been investigated in detail. The strong hydration effect is thought to be the primary factor determining the resistance to protein adsorption. [12] 
Trimethylamine N-oxides (N-oxides) are zwitterionic molecules consisting of a direct bond between a positively charged N+ and a negatively charged O-. N-oxide polymers have been investigated as unique zwitterionic polymers for drug delivery that do not adsorb proteins [13], stabilize proteins [14], or bind reversibly to cell membranes. [15-17] Furthermore, molecular dynamics simulations and sum frequency generation (SFG) spectroscopy have been used to investigate the hydration mechanism of N-oxide polymers. [18] Recently, it was reported that N-oxide polymers, unlike other betaine polymers, exhibit both antibacterial and antibiofouling properties. [19] These unique behaviors make N-oxides a promising fourth zwitterionic material for a wide range of applications.
Cell spheroids produced by three-dimensional (3D) cell culture, which differs from conventional two-dimensional (2D) cell culture, have attracted significant attention in the field of regenerative medicine to fully demonstrate the original functions of cells. [20-22] For example, mesenchymal stem cell (MSC) spheroids are expected to have better therapeutic efficacy when transplanted because they produce more cytokines and growth factors. [23-25] It is important to control the size of spheroids in terms of the distribution of oxygen and nutrients in the interior [26,27] and promote endogenous extracellular matrix expression. [28,29] Moreover, several studies have reported that spheroid formation influences the functional enhancement of spheroids. [30-35] This type of spheroid is designated as a spontaneous spheroid, in which spheroid formation occurs spontaneously with cellular selectivity. [30] From these perspectives, the systematic design of biomaterial interfaces characterized by physicochemical surface properties, including structure, swelling ratio, wettability, surface charge, mechanical properties, and topographical properties, can contribute to the development of novel cell culture substrates for 3D cell spheroid formation. [36] Therefore, these factors are expected to significantly influence the adhesion and stemness of MSCs. In fact, when the cells are seeded on a chemical vapor-deposited polymer, the polymer acts as an extracellular matrix and thus has a substantial impact on cells, continuously contacting the polymer surface, which presumably provides a favorable environment for the deposition of ECM proteins and substantially enriches the self-renewal abilities, pro-angiogenic efficacy, and differentiation capabilities. [34]
In this study, electrically cationic and hydrophilic zwitterionic surfaces were used to systematically investigate cell adhesion and its effects on the function of spheroids formed on biomaterial surfaces. Positively charged surfaces have been reported to have strong interactions with fibronectin, resulting in strong binding to cells and inhibition of intracellular signaling necessary for cell proliferation. [37] It has also been reported that when surfaces have both cationic and zwitterionic groups, protein adsorption and cell adhesion are inhibited, regardless of whether the surfaces are positively charged. [38] Therefore, we aimed to achieve moderate cell adhesion and formation of 3D cell spheroids by adjusting the zwitterionic ion conversion ratio of the cationic tertiary amino substituents. In addition, the use of block polymers for surface treatment is an effective method for facilitating the formation of stable surfaces in water. [39,40] Hence, we designed a novel diblock copolymer containing N-oxide by oxidizing tertiary amino groups at arbitrary ratios and fabricating surfaces with different N-oxide ratios. The physicochemical, topographic, and mechanical factors of the surfaces affecting their interactions with water, proteins, and cells were systematically evaluated by varying the N-oxide ratio. Based on these results, suitable interfacial states for controlling cell adhesion on N-oxidized surfaces were identified, and novel biomaterials were developed to obtain highly functionalized 3D cell spheroids.




2. EXPERIMENTAL SECTION
2-1. Materials 
n-Butyl methacrylate (BMA) was purchased from Mitsubishi Chemical Co. (Tokyo, Japan). 2-(Dimethylamino)ethyl methacrylate (DMAEMA) was purchased from Sanyo Chemical Industries Ltd. (Kyoto, Japan).  Both BMA and DMAEMA were purified by treatment with basic alumina to remove inhibitors before use. Furthermore, 2,2’-Azobis-isobutyronitrile (AIBN), 2-cyano-2-[(dodecylsulfanylthiocarbonyl)sulfanyl]propane (CDTP), hydrogen peroxide (H2O2), N,N-dimethylformamide (DMF), and lithium chloride (LiCl) were purchased from Fujifilm Wako Pure Chemical Co., Ltd. (Tokyo, Japan). Methyl ethyl ketone (MEK), acetone, and methanol were purchased from Kishida Chemical Co., Inc. (Tokyo, Japan). These solvents, initiators, and chemical reagents were of extra pure grade and were used without further purification.  Methanol-d4 and deuterium oxide (D2O) were purchased from Sigma–Aldrich (St. Louis, MO, USA).
Hemisphere prisms with outer diameters of 25 mm (FQIR25-25HC) were purchased from Pier Optics Co., Ltd. (Gunma, Japan). A gold-quartz crystal microbalance with dissipation monitoring (QCM-D sensors (QSX-301) was purchased from ALTECH Co., Ltd. (Tokyo, Japan). Tissue culture polystyrene (TCPS) dishes with a diameter of 35 mm (#3000-035) were purchased from AGC Techno Glass (Chiba, Japan) as a planar substrate. A polystyrene U-shaped 96-well plate (196-96US; Fukaekasei Co., Ltd., Kobe, Japan) was used for cell culture. 
Bovine serum albumin (Alb) and fibrinogen (Fng) from human plasma and lysozyme (Lyz) from chicken egg whites were purchased from Merck (Darmstadt, Germany).
Phosphate-buffered saline (PBS) tablets were purchased from Takara Bio Inc. (T9181, Shiga, Japan). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Merck (Darmstadt, Germany). USDA fetal bovine serum (FBS) was purchased from Cytiva (MA, USA). Penicillin-streptomycin was purchased from Gibco (Grand Island, NY). Mouse embryo fibroblasts, NIH3T3-3-4 (RCB1862), and human liver carcinoma cell line, HepG2; RCB1886) were purchased from the Riken Bio Resource Center (Ibaraki, Japan). Human mesenchymal stem cells (hUC-MSCs) from Wharton’s jelly umbilical cord matrix (C-12971) were purchased from Promo Cell GmbH (Heidelberg, Germany). The MSC growth medium 2 (C-28009) was purchased from PromoCell GmbH (Heidelberg, Germany).  

2-2. Synthesis and characterization of N-oxide containing diblock copolymers
Figure 1 shows the synthetic process for the N-oxide-containing diblock copolymers. The diblock copolymers were designed to contain poly(n-butyl methacrylate) (PBMA) as the hydrophobic segment, which improved substrate adhesion after coating and reduced elution during immersion in water. [41] Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) was used as the hydrophilic segment of the diblock copolymers, which allowed robust bioadhesion by electrostatic interactions. The tertiary amino groups of the DMAEMA moiety were quantitatively N-oxidized using an aqueous solution of hydrogen peroxide and polymers with different N-oxide ratios were synthesized.
Molecular-weight-controlled diblock copolymers of PBMA-b-PDMAEMA were prepared as precursors of N-oxide-containing diblock copolymers and characterized by reversible addition fragmentation chain transfer (RAFT) polymerization. For the initial PBMA synthesis, BMA (49.8 g, 3.50 mol/L), CDTP (1.21 g, 35.0 mmol/L) as a chain transfer agent and AIBN (115 mg, 7.00 mmol/L) as an initiator were dissolved in MEK (100 mL), followed by N2 bubbling over 60 min. The flask was placed in an 80 °C oil bath, and the polymerization proceeded with stirring for 6 h. Polymerization was terminated by cooling the flask to 5 °C and exposing the solution to open air. The mixture was then precipitated in excess methanol as a poor solvent and purified by repeated precipitation, followed by drying in vacuo to obtain PBMA. For the subsequent polymerization, PBMA (5 g, 8.18 mmol/L) as a macro-RAFT reagent, DMAEMA (11.57 g, 1.63 mol/L) and AIBN (12.09 mg, 1.64 mmol/L) were dissolved in MEK (135 mL), followed by N2 bubbling over 60 min. Polymerization was then performed at 80 °C for 8 h. After polymerization, the mixture was precipitated twice in excess hexane and dried in vacuo. The obtained PBMA-b-PDMAEMA was dissolved in methanol at a concentration of 15 wt%. Under nitrogen protection, an aqueous hydrogen peroxide solution was added and the reaction was carried out at 50 °C for 24 h with stirring. The amount of aqueous hydrogen peroxide solution was adjusted according to the target denaturation ratio of the tertiary amino groups of PDMAEMA. After confirming the disappearance of hydrogen peroxide by titration with a sodium thiosulfate solution, the product was freeze-dried overnight.
The monomer conversion was calculated by comparing the 1H-NMR peak integrals obtained using a JEOL JNM-LA400 spectrometer at 400 MHz in CDCl3 or methanol-d4. For the molecular weight measurements, gel permeation chromatography (GPC) was performed using a TOSOH EcoSec HLC/GPC 8320 system. Three sequentially connected columns (TSKgel Super AW2500, TSKgel Super AW3000, and TSKgel Super AW4000) at 40 °C using DMF containing 10 mM LiCl as an eluent at a flow rate of 0.6 ml/min. Polymer molecular weights and their distributions were calculated from calibration curves prepared using poly(methyl methacrylate) standards (Shodex, Tokyo, Japan).


[image: ]
Figure 1. Synthetic pathway of the N-oxide-containing diblock copolymer
Abbreviations: BMA, n-butyl methacrylate; DMAEMA, 2-(dimethylamino)ethyl methacrylate; AIBN, 2,2'-azobis(isobutyronitrile); MEK, methyl ethyl ketone; CDTP, 2-cyano-2-[(dodecylsulfanylthiocarbonyl)sulfanyl]propane; H2O2, hydrogen peroxide;  “BMA-DM” indicate Poly(BMA)-block-Poly(DMAEMA); “BMA-NOx**” indicate N-oxide containing diblock copolymer, where ** indicates a N-oxide ratio.
  


2-3. Fabrication of diblock copolymer-coated surface
The diblock copolymer-coated surfaces were prepared via a spin-coating method because it is simple and facile to form uniform layers even on substrates with complex shapes, such as U-shaped bottom plates. The N-oxide containing diblock copolymers were dissolved in methanol to obtain a 3 mg/mL solution. Next, 400 µL of the solution was spin-coated on a TCPS dish with a 35 mm diameter at 3000 rpm for 30 sec, and then the dishes were dried in vacuo at 25 °C for 1 h. The coated dishes were filled with water, incubated at 25 °C for 1 h to wash off the excess polymer, and then dried in vacuo again at 25 °C for 1 h. The dishes were cut using an ultrasonic cutter, if necessary.
Polymer-coated U-shaped bottom 96-well plates were used to determine the spheroid formation rates. 　The copolymer (3 mg/mL) in methanol was poured into U-shaped 96-well plates and removed. After the coated plates were dried at 24 °C under vacuum for 2 h, they were washed once with PBS before use.

2-4. Evaluation of surface properties (thickness, effective medium approximation, contact angle, surface zeta potential, chemical composition, surface morphology) 

The thickness and effective medium approximation (EMA) of the copolymers on the TCPS dishes were measured using spectroscopic ellipsometry (alpha-SE, J. A. Woolam, Nebraska, USA) in air. A He-Ne laser (632.8 nm) was used and the incident angle was 70°. The obtained data were fitted to the Cauchy layer model, and the refractive index was assumed to be 1.517. [42] The data were fitted and evaluated using CompleteEASE software package. The Cauchy model was applied to the polymer film layer (A = 1.517, B = 0.01, and C = 0.00) on the Si/SiO2 sublayer.
Contact angle measurements were conducted with a contact angle meter (Drop Master DMs-401, Kyowa Interface Science Co., Tokyo, Japan) at 24 °C. Two methods were used to characterize wetting. For the sessile drop technique, a water droplet of 2-3 μL was deposited on a substrate and contact angle was measured after 10 seconds. For the captive bubble method, substrates were immersed in water beforehand and an air bubble with a volume of 3-4 μL was supplied with a micro syringe at the interface with an inverted needle. 
The surface zeta potentials of the polymer coated TCPS dishes were measured by an electrophoretic light-scattering spectrophotometer (ELSZ2000Z, Otsuka Electron, Osaka, Japan) at 25 °C. The zeta potentials were estimated using the Smoluchowski approximation. Polymer-coated TCPS dishes (cut to 10 mm × 35 mm) were used for the measurements. Surface zeta potential measurements were performed in a 10 mM NaCl aqueous solution.
Chemical composition was analysed by ATR/FT-IR spectroscopic analyser (Nicolet iS5 spectrometer, Thermo Nicolet, USA) and X-ray photoelectron spectroscopy (XPS; K-Alpha, Thermofisher Scientific, E. Grinstead, UK). Surface elemental composition of polymer coated TCPS dishes was evaluated by XPS at 1.1 × 10‒6 Pa using a monochromatic Al-Kα X-ray source at 72 W. The takeoff angle was 90°. Survey scans were collected at a pass energy of 200 eV and dwell time of 10 ms over 10 scans. Narrow scans were collected at a pass energy of 50 eV and a dwell time of 50 ms over 10 scans. The peak corresponding to graphitic C was calibrated at 284 eV.
Surface morphology observations were conducted using atomic force microscopy (AFM; MFP-3D, Oxford Instruments PLC). In this study, the different morphological parameters of air and water were obtained using AFM analysis. For the tapping scan mode in air, AC240TS (spring constant k = 2.0 N/m, resonance frequency f = 70 kHz, and tip radius of 7 nm; Olympus Co., Ltd., Tokyo, Japan) was used as a cantilever. Images were acquired; the scan areas were within a range of 25 μm2 with a resolution of 256 × 256 pixels and a resolution of 19.5 nm, with a drive frequency of 67 kHz, target amplitude of 2 V, set point of 1.4 V, and scan rate of 1 Hz. For the tapping scan mode in water, BL-AC40TS (spring constant k = 0.1 N/m, resonance frequency f = 110 kHz (in air), 25 kHz (in water), and tip radius of 8 nm; Olympus Co.) was used as a cantilever. Images were acquired; scan areas were within a range of 4 μm2 with a resolution of 256 × 256 pixels and a resolution of 7.8 nm, with a drive frequency of 33 kHz, target amplitude of 1 V, set point of 0.7 V, and scan rate of 0.75 Hz. Roughness is discussed using Ra, which refers to the arithmetic mean roughness. Ra is the average of ten profiles randomly extracted from one image. The roughness of the copolymer films was measured in distilled water and the samples were maintained under these conditions for > 60 min before observation. 
To measure the viscoelastic properties using AFM, force-distance curves were recorded. Force-distance curves were collected at a cantilever velocity of 150 nm/s and a trigger point of 2.00 nN. Cantilevers (Biosphere B500-CONT, NanoAndMore GmbH, Wetzlar, Germany) with a spring constant k = 0.264 N/m, deflection InvOLS = 73.3 nm/V, resonance frequency f = 13 kHz (in air), and a high-density spherical carbon tip with a tip radius of 500 nm were used.


2-5. Protein adsorption test
Each diblock copolymer (3 mg/mL) in methanol was spin-coated onto the Au sensor of QCM-D (E4, Q-sense, Gothenburg, Sweden) using a spin coater at 2000 rpm for 30 s with a slope of 10 s, and then dried at 24 °C under vacuum for 2 h. The protein adsorption test was conducted by QCM-D at 35 MHz, the seventh overtone of a 5 MHz sensor and 37 ± 0.1 °C using a window chamber. After exposure to PBS for 7 min at a flow rate of 0.25 mL/min, the flow was stopped. After confirming the baseline stability, Alb solution, Fng solution, Lyz solution, and 10% FBS containing DMEM medium was injected into the sensors at 0.25 mL/min of 7 min. The concentration of Alb, Fng, and Lyz in PBS were adjusted to 3000, 300, and 3000 μg/mL, respectively. Alb and Fng were used as anionic proteins, and Lyz was used as a cationic protein. After 30 min, the resonance frequency change (Δf) was measured, and the adsorbed protein was calculated using the Sauerbrey equation for instance. [43] The seventh overtone values of obtained Δf and ΔD were used in the analysis.

2-6. Cell adhesion test and gene expression test
Copolymer spin-coated TCPS dishes and dip-coated U-shaped 96-well plates were used in this experiment. The substrates were sterilized under UV light for 1 h before the cell assay. Suspensions of NIH3T3-3-4, HepG2, and hUC-MSCs in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin were seeded. The cultures were maintained at 37 °C in a 5% CO2 atmosphere. Cells were observed under an optical microscope (BioStudio-T; Nikon Engineering, Kanagawa, Japan) (CELENA S Digital Imaging System; Logos Biosystems, Inc., South Korea).
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed to determine the expression levels of stem cell markers in cell spheroids. Briefly, total RNA was extracted using a PureLinkTM RNA Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA). After quantification of total RNA with a spectrophotometer (NanoDrop® ND-2000, Thermo Fisher Scientific, Waltham, MA, USA), RNA samples were reverse transcribed into complementary DNA (cDNA) using SuperScriptTM IV VILOTM Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. qRT-PCR was performed in a thermal cycler (TaKaRa PCR Thermal Cycler Dice®, Takara Bio, Kusatsu, Japan) using the TaqMan™ Fast Advanced Master Mix for qPCR (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. The TaqMan Gene Expression Assays (Thermo Fisher Scientific, Waltham, MA, USA) used for the PCR experiments are listed in Table S1 in the Supporting Information. Each qRT-PCR was performed in triplicate, and the relative expression levels of the genes were normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2-7. Interfacial water analysis by SFG spectroscopy
The SFG measurement system was constructed as described previously. [44] An (OPG (optical parametric Generation)/OPA (Optical parametric Amplification)/DFG (Difference frequency generation)) system (EKSPLA, PG501VIS/DFG) was pumped using a picosecond Nd:YAG laser (EKSPLA, PL2143B) to generate tunable infrared radiation.  The visible and infrared beams were made to overlap the flat face of the cylindrical hemiprism from the cylindrical face. A Teflon flow cell was used. The polarization combinations were s, s, and p for the SFG, visible light, and infrared light, respectively. The SFG spectrum in the OH stretching region (3000–3800 cm–1) was acquired at the interface between the diblock copolymer-coated surfaces and water media. The SFG spectrum of the OH stretching region is influenced by the intermolecular and/or intramolecular coupling of H2O. Isotopically diluted water (HOD) simplified the SFG spectrum by eliminating this effect. [45,46] Therefore, we used isotopically diluted water (H2O/D2O = 1/4, H2O/HOD/D2O = 1/8/16).

2-8. Statistical analysis
All data are presented as mean ± standard deviation (SD). Statistical analysis of the contact angle and the amount of adsorbed protein was performed using the unpaired t-test, with *p < 0.05, and **p < 0.01 set as levels of statistical significance.



3. RESULTS AND DISCUSSION
3-1. Structural analysis of N-oxide containing diblock copolymers
First, a molecular-weight-controlled diblock copolymer, PBMA-b-PDMAEMA, was prepared as a precursor for the N-oxide diblock copolymer by RAFT polymerization. The unimodal GPC chart with a peak shift toward a lower retention time indicated successful synthesis of the diblock copolymer (Figure S1).  The number-averaged molecular weight (Mn) and polydispersity index (PDI) of the first segment of poly(BMA) were 13,600 and 1.12, respectively. For the diblock copolymer, PBMA-b-PDMAEMA, Mn and PDI were 28,100 and 1.19, respectively. The PDI remained relatively narrow (<1.20), indicating well-controlled RAFT polymerization.
The chemical composition of the diblock copolymer was determined by 1H-NMR (Figure 2). The degrees of polymerization of DMAMEA:BMA were calculated to be 144:95 by comparing the integrated methylene chain-derived protons from the BMA residues at 1.4–1.6 ppm to the two methylene-chain-derived protons assigned to the DMAMEA residues at 2.6–2.8 ppm. Furthermore, 1H-NMR analysis provided information on the zwitterionic ratio or the conversion ratio to N-oxide after reaction with a hydrogen peroxide aqueous solution (Figure S2). The methylene chain-derived proton peaks at 2.6–2.7 and 4.1–4.2 ppm observed in the DMAEMA residues of PBMA-b-PDMAEMA were shifted to lower fields at 3.6–3.7 and 4.5–4.6 ppm, respectively, with increasing N-oxide ratio. The N-oxide ratio was calculated from the integrated methylene chain-derived protons at 2.6–2.7 ppm from the DMAMEA sequence (d: orange lower-case letter) and 3.6–3.7 ppm from the N-oxide sequence (d: blue lower-case letter). Herein, PBMA-b-PDMAEMA diblock copolymer is abbreviated as BMA-DM and PBMA-b-P(DMAEMA-r-NO) diblock copolymer with a zwitterionic ratio of 70% is abbreviated as BMA-NOx70 for example.
[image: ]The homopolymer of N-oxide is a water-soluble polymer but has properties different from those of other betaine polymers; it is soluble in ethanol, 2-propanol, and binary mixtures of water and ethanol. (Figure S3) This solubility property results from the unique hydration of the N-oxide structure, which directly binds positive and negative charges. This good solubility allowed for subsequent coating procedures. 

Figure 2. 1H-NMR spectra of BMA-DM and BMA-NOx100 in methanol-d4.
1H NMR (400 MHz, CD3OD) of BMA-DM δ = 0.8–2.2 (br, polymer backbone and −CH2–CH2–CH2–CH3), 2.3 (s, 6H, −N(-CH3)2), 2.6 (s, 2H, −CH2–CH2–N(–CH3)2), 4.0 (br, 2H, −CH2–CH2–CH2–CH3), and 4.1 (br, −CH2–CH2–N(–CH3)2).
1H NMR (400 MHz, CD3OD) of BMA-NOx100 δ = 0.8–2.2 (br, polymer backbone and −CH2–CH2–CH2–CH3), 3.3 (s, 6H, −N(-CH3)2), 3.65 (s, 2H, −CH2–CH2–N(–CH3)2), 4.0 (br, 2H, −CH2–CH2–CH2–CH3), and 4.5 (br, −CH2–CH2–N(–CH3)2).

3-2. Physicochemical properties of the diblock copolymer-coated surfaces
N-oxide containing diblock copolymer-coated surfaces were prepared using the spin-coating method. Material properties that affect protein adsorption and subsequent cell adhesion are categorized into (1) physicochemical factors, (2) mechanical factors such as viscoelasticity, and (3) topographical factors such as surface roughness and microphase separation. Thus, the properties of the obtained surfaces were analyzed considering these categories. The physicochemical properties of the diblock polymer-coated surfaces were evaluated (Table 1). 


Table 1. Results of characterized diblock copolymers-coated surfaces
	Sample name
	TCPS
(substrate)
	BMA-
DM
	BMA-
NOx 19
	BMA-
NOx 40
	BMA-
NOx 58
	BMA-
NOx 70
	BMA-
NOx 76
	BMA-
NOx 80
	BMA-
NOx 89
	BMA-
NOx 95
	BMA-
NOx  100

	Thickness
in air [nm] a
	-
	23.3±2.2
	19.5±0.3
	19.5±0.7
	18.0±0.4
	19.4±0.2
	19.9±0.6
	19.9±1.3
	20.1±0.3
	19.7±0.3
	21.2±0.6

	Thickness
in water [nm] a
	-
	38.4±0.4
	37.0±0.4
	61.8±0.6
	53.7±0.5
	70.7±0.6
	39.4±0.8
	70.2±0.9
	42.6±0.9
	61.4±1.0
	57.9±1.3

	EMA [%] a
	-
	50.4±6.7
	53.6±3.1
	68.7±4.8
	73.9±0.8
	85.1±1.0
	84.4±0.4
	86.1±1.1
	86.7±0.2
	90.0±0.6
	91.1±0.1

	Contact angle
in air [゜] b
	66.7±4.3
	58.7±2.9
	64.8±4.0
	71.3±10.5
	72.7±1.3
	74.1±2.1
	76.4±0.3
	72.9±5.2
	73.4±14.2
	43.5±6.2
	48±12.3

	Contact angle
in water [゜] b
	180±0.0
	137.8±4.3
	133.9±2.1
	133.7±0.5
	136.2±2.0
	145.1±1.1
	153.1±4.2
	155.1±2.0
	180±0.0
	180±0.0
	180±0.0

	Surface zeta
potential  (mV) c
	-65.7±1.2
	30.9±0.5
	23.2±1.7
	18.7±0.4
	17.1±2.1
	8.3±0.4
	10.7±0.1
	11.2±1.5
	6.4±1.0
	7.6±1.3
	4.8±1.4

	1730cm-1 /1600cm-1  d
	0.13
	0.25
	0.23
	0.20
	0.21
	0.22
	0.22
	0.21
	0.27
	0.23
	0.24

	N-oxide ratio in DMAEMA unit e
	-
	0
	32.3
	50.0
	63.9
	61.1
	75.0
	68.8
	72.7
	78.1
	76.5


a Determined by spectroscopic ellipsometry. Abbreviations: EMA, effective medium approximation
b Determined using contact angle measurements. Water-in-air (sessile drop) and air bubbles in water (captive bubbles).
c Determined using a zeta potential analyzer.
d Calculated by ATR-FTIR.
e Estimated by XPS.

The thicknesses of the diblock copolymer-coated surfaces in air and water were measured using spectroscopic ellipsometry. All samples had a layer thickness of >10 nm in air. The chemical structure of the diblock copolymer-coated surface was characterized using ATR/FT-IR spectroscopy (Figure S4). ATR/FT-IR spectroscopy is a useful tool for the preliminary qualitative evaluation of polymers. As the base substrate was TCPS, an absorption arising from mono-substituted aromatic rings was observed at 1600 cm-1.  Absorption of ester carbonyl units derived from copolymer side groups appeared in the region of 1730 cm-1. To confirm whether the polymer layer was still present on the TCPS after immersion in water, the peak intensities of I1730 /I1600 were examined. As shown in Figure S3 and Table 1, a peak at 1730 cm-1 derived from polymer-derived carbonyls was observed in all substrates, regardless of the N-oxide ratio, even after immersion in water for 1 h at 24 °C. Moreover, XPS measurements were conducted to verify the presence of each diblock copolymer (Figures S5 and S6, and Table S2). Thus, these results indicate that the hydrophobic PBMA segment strongly enhanced physical polymer adsorption on the TCPS substrates and stabilized the diblock copolymer-coated surface without eluting the polymer, irrespective of the increased hydrophilic N-oxide ratio. 
Figure 3 shows N-oxide ratio dependence of EMA, the air contact angle in water, and the surface zeta potential. EMA was estimated from the optical properties obtained using spectroscopic ellipsometry. This approximation was useful for estimating the swelling ratio. [47] The EMA value increased with increasing hydrophilicity, owing to the zwitterionic N-oxide ratio (Figure 3(a)). The hydrophilicity of the copolymer-coated TCPS dishes was evaluated by measuring the static contact angles of sessile air bubbles in water. The hydrophilicity increased with N-oxide ratio above 58% dramatically, and At N-oxide ratio above 89%, no bubbles adhered to the surface and the air contact angle was 180° (Figure 3(b)). Thus, the surface enrichment with N-oxide units resulted in a superhydrophilic surface. The zeta potential of BMA-DM was 30.9 ± 1.2 mV, indicating that the diblock copolymer-coated surface is positively charged because of the DMAEMA moiety. The zeta potential varied almost linearly with the N-oxide ratio and was shown [image: ]to be almost neutral at 4.8 mV when the N-oxide ratio was 100% (Figure 3(c)).

Figure 3. N-oxide ratio dependence on the effective medium approximation (a), air contact angle in water (b), and surface zeta potential (c) of diblock copolymer-coated surfaces which are depicted from Table 1.

3-3. Topographic and mechanical properties 
AFM images were obtained to evaluate the topographic and mechanical properties of the diblock copolymer-coated surfaces in water. As shown in Figure 4, the number of protrusions increased as the N-oxide ratio increased. It is well known that block copolymers in thin films minimize the free energy by exposing the block with the lowest interfacial energy to the surface. [48] With sufficient mobility for each component of the polymer block, surface reorganization occurs when the environment changes from air to water. Because the polymers in this study consisted of BMA with a low Tg, it is considered that surface reorganization occurred because of the sufficient mobility of the polymers. Roughness is discussed using Ra, which refers to the arithmetic mean roughness. Ra is the average of all the protrusions in the profile. The roughness of the diblock copolymer-coated surfaces was measured in distilled water and the samples were maintained under these conditions for > 60 min before observation. The Ra values of BMA-DM, BMA-NOx19, BMA-NOx40, and BMA-NOx58 in water were1.68, 2.20, 3.88, and 4.69 nm, respectively. The Ra of BMA-DM was the lowest and increased with increasing N-oxide ratio; the Ra reached plateau at an N-oxide ratio of 58% or higher. This behavior was similar to the change in EMA, as shown in Figure 3(a), suggesting that when the denaturation ratio was above 58%, the hydrophilic segments were fully oriented to the surface because of the high water content.
To verify the mechanical properties of N-oxide containing surfaces, the force-displacement curves of BMA-DM, BMA-NOx19, BMA-NOx40, BMA-NOx58, BMA-NOx70, BMA-NOx76, and BMA-NOx100 in water were measured. As shown in Figure 5, the force-displacement curves show how the polymer chains were compressed and stretched as the colloidal probe approached and retracted from the surface. In the BMA-DM, adhesive interactions appeared during approach and retraction. This was due to the fact that the material of the probe is negatively charged diamond-like carbon, which causes electrostatic interaction with the DM segment, which is strongly positively charged, resulting in high adhesive force. And then, adhesion force (F) was estimated and the free energy of adhesion (W) was calculated by Johnson–Kendal–Roberts theory, where W = 2F/3πR for soft deformable surfaces. [49] As shown in Table S3 in the Supporting Information, adhesion force decreased significantly from DM to BMA-NOx19, and remarkably there was no adhesion at all on polymer surfaces with N-oxide ratios of 40% or higher. The results indicated that the N-oxide containing surface had stronger repulsion and lower adhesion to the probe, resulting in a smaller hysteresis loop. Considering that surfaces with zwitterionic structures exhibit antifouling properties [44], we estimated that as the N-oxide ratio increased, the adhesive interactions decreased to zero. From the results of AFM measurements in water, it was revealed that topographical and viscoelastic properties changed significantly for N-oxide ratios of 40% or lower, whereas the changes were limited for N-oxide ratios of 40% or higher.


[image: ]Figure 4. AFM topographic images (a) and the corresponding cross-sectional profile (b) of diblcok copolymer-coated surfaces in water obtained using a colloidal probe cantilever with a tip radius of 8 nm. Ra is the mean roughness and represents the average of all protrusions in the profile.
[image: ]Figure 5. Force-displacement curves recorded with a high-density spherical carbon tip on diblock copolymer-coated surfaces in water using a colloidal probe cantilever with a tip radius of 500 nm. The force-distance curves were recorded at cantilever velocity, 150 nm/s; and trigger point, 2.00 nN.



3-4. Structural analysis of interfacial water by SFG spectroscopy
SFG measurements were also performed to focus on the structure of the interfacial hydration water as it has been demonstrated that strong surface hydration plays an important role in determining the excellent antifouling properties of zwitterionic polymers. [18, 44] This strong surface hydration is caused by the strong interaction between surface charges and water molecules at the zwitterionic polymer surface, resulting in an ordered and strongly hydrogen-bonded water layer on the polymer surface. This hydration creates an elevated physical and energy barrier that prevents pollutants from adhering to the surface.
Figure 6 shows the SFG spectra in the OH stretching region (2800–3800 cm–1) at the interface between each diblock copolymer-coated surface and isotopically diluted water (HOD). In these spectra, only one broad peak was observed, because intermolecular and/or intramolecular coupling was eliminated using isotopically diluted water, which allowed for a more precise investigation of interfacial water than pure water. [50] In this study, we focused on the interface between the diblock copolymer-coated surface and the water molecules. Therefore, we interpreted the peak center position of the OH stretching vibration as an interaction between the interfacial water molecules and the diblock copolymer-coated surface. The peak center positions at low wavenumbers indicate strong interactions between the interfacial water molecules and diblock copolymers. The different peak positions indicate the strength of the interaction between the interfacial water molecules and diblock copolymers. It has been previously shown that zwitterionic polymer brushes have low peak center positions and strongly interact with water molecules. [44] The interaction between prism and water has already been investigated by SFG in a previous study [51], and a peak at 3200–3300 cm-1 was observed as well. Next, a peak was observed at approximately 3480 cm-1 in BMA-DM. This peak was also observed on surfaces with N-oxide ratios at 19–80% and also agreed with the peak position of poly(DMAEMA-r-BMA). [52] The peak center wavenumber changed drastically at N-oxide ratios of 80–89% (Figure 6(b)). This suggests that the hydration structure of the interfacial water changed significantly between BMA-NOx80 and BMA-NOx89. As described in contact angle measurements in water, the diblock copolymer-coated surfaces with N-oxide ratios of ≥89% were super hydrophilic (no bubbles adhered to them in contact angle measurements under water). Figure 6(c) shows the 3230/3480 cm-1 SFG intensity ratio plotted against the N-oxide ratio. Here, 3230 and 3480 cm-1 were selected because a peak of strongly hydrogen-bonded water derived from zwitterions was observed near 3230 cm-1 in Ref 44 and a peak of weakly hydrogen-bonded water derived from DMAEMA was observed near 3480 cm-1 in Ref 52. The peak at 3230 cm-1/3480 cm-1 gradually increased with respect to the N-oxide ratio, indicating that N-oxide residues gradually appeared on the surface, and the relative amount of strongly hydrogen-bonded water molecules increased. The SFG results suggest that this was because the interfacial water is constructed with strong hydrogen bonding water. 

[image: ]
Figure 6. SFG spectra in the OH stretching region at the interface between each diblock copolymer-coated surface and isotopically diluted water (H2O/D2O = 1/4 (v/v)). Dot, experimental data; line, fitting results. (a) N-oxide ratio dependence of the peak center wavenumber of the fitting results. (b) N-oxide ratio dependence of the intensity ratio of the SFG signal at 3230 to the intensity at 3480 cm-1. (c)

3-5. Protein adsorption behavior
To analyze the amount of protein adsorbed on each N-oxide containing diblock copolymer, QCM-D was performed. the  Δf and ΔD values were monitored during the adsorption process. Three representative proteins–Alb, Fng, and Lyz–were used in this study. In PBS, Alb ( pI: 4.7) [53] and Fng (pI: 5.5) [54] are negatively charged, whereas Lyz (pI: 11.4) [55] is positively charged. Moreover, 10% FBS containing DMEM medium was used to estimate the amount of protein adsorbed during the cell culture because cell adhesion is influenced by the proteins adsorbed from the medium. [56] The time-course profiles of the QCM-D measurements are shown in Figure S7. The amount of protein adsorbed, calculated using the Sauerbrey equation, is summarized in Figure 7. The adsorption of Lyz onto the BMA-DM surface was suppressed; however, large amounts of Alb and Fng were adsorbed. This indicates that protein adsorption is promoted by electrostatic interactions when the polymer surface and the protein are oppositely charged. The adsorption of Alb, Fng, and 10% FBS-containing media decreased with N-oxide ratios, with protein adsorption below 100 ng/cm2 at N-oxide ratios of 76% or higher. 
As the thickness of the obtained polymer coatings was similarly controlled to the same degree as approximately 20 nm, thus the changes in protein adsorption were not expected to be due to the thickness of the polymer coating. In addition, because there were no significant differences in the surface mechanical and topographic properties, this effect was attributed to the increased ratio of hydrophilic and electrically neutral N-oxide structures. In the case of the zwitterionization of polymer brushes with tertiary amino groups, the reaction proceeds preferentially from the top surface. [57,58] In this study, polymers with randomly N-oxidized tertiary amino groups were synthesized beforehand before coating, allowing a precise discussion of the N-oxide dependence of protein adsorption, and which was found that protein adsorption could be significantly suppressed at an N-oxide ratio of 76%.
[image: ]
Figure 7. Adsorbed amount of Alb, Lyz, Fng, and 10% FBS-containing medium on each diblock copolymer-coated surface

3-6. Cell adhesion properties and gene expression behavior 
To examine the interaction between the cells and diblock copolymer-coated surfaces in detail, hUC-MSCs were cultured in polymer-coated U-shaped bottom 96-well plates (Figure 8). Here, hUC-MSCs were selected for potential applications in regenerative medicine because universalized UC-MSCs are considered convenient in various respects, including ready-to-use availability, no requirement for cell banks, reduced production costs, and increased value as carriers. By using U-shaped bottom wells, when cells do not interact with the polymer, cells aggregate at the bottom of the U-shaped bottom wells due to gravity and form spheroids, whereas when cells interact with the polymer, cells adhere and proliferate in situ.[59] Phase-contrast images of hUC-MSCs cultured at 2,000 cells/well on 96-well U-bottom plates coated with each diblock copolymer 1 d after seeding are shown in Figure 8, and time-lapse microscopy videos for 4 d are shown in Videos S1–S10. For BMA-DM and BMA-NOx19, 2D proliferation of cells was observed; for BMA-NOx40 and 58, cells were kept in situ and appeared to be divided; for BMA-NOx70, cells were observed to aggregate to the bottom due to gravity, and numerous spheroids with a diameter of 50–100 μm were observed after 1 d. For BMA-NOx 76, 80, 89, 95, and 100, single spheroids were formed within 8 h of cell seeding because of the cell non-adhesiveness. It has been reported that there is a correlation between the amount of protein adsorbed onto 10% FBS medium and cell adhesion [59], and the results of this study support this hypothesis. NIH3T3-3-4 and HepG2 cells showed similar cell adhesion (Figures S8 and S9). These results strongly suggest that N-oxide ratio affects cell adhesion and controls the rate of spheroid formation by altering the amount of protein adsorbed.


[image: ]Figure 8. Phase-contrast images of hUC-MSCs cultured at 2,000 cells/well in a 96-well U-bottom plate coated with each diblock copolymer. Images were captured 1 d after cell seeding. Scale bar, 200 μm. The green arrow indicates single cell, the yellow arrow indicates cell spheroid. Time-lapse microscopy videos for 4 d are shown in Videos S1–S10.

We used a spin-coated TCPS dish with N-oxide containing diblock copolymers to investigate the interaction between the polymer and hUC-MSCs. (Figure 9) Because the effect of gravity was ignored in this experiment, the process of spheroid formation could be discussed in more depth. Therefore, it is possible to discuss how cells initially encounter the polymer surface, migrate over it, and aggregate to form spheroids. Histograms of spheroid size on day 4 of hUC-MSC culture are shown in Figure 10. The “Analyze Particles” tool in the analysis toolbar of ImageJ was used to count and calculate the area occupancy of selected spheroids of various sizes in the thresholding image. Figure 10 shows that when the N-oxide ratio was >76%, cells could no longer adhere to the diblock copolymer-coated surface and the cells gathered to form large aggregates. When the N-oxide ratio was ranged 40–70%, the cells could not fully adhere to the surface, and a moderate-sized spheroid was considered to be formed. And then, the WST assay was performed to determine the relative number of viable cells. As shown in Figure S10 in the Supporting Information, when the N-oxide ratio was 40-70%, cells were proliferative slightly. Considering the cell aggregate in Figure 10, over 70% of the N-oxide ratio surface induced large-sized cell-spheroid because of non-cell adhesiveness, and small-sized spheroids were formed on the surfaces at an N-oxide ratio of 40-70%. Fibroblast spheroid formation is mediated by a balance between two competing forces: cell-substrate and cell-cell interactions. [60] When cell–substrate interactions are sufficiently strong compared to cell–cell interactions, the cells would stably attach and spread on the substrate. In contrast, when cell–cell interactions exceed cell–substrate interactions, the cells would aggregate into spheroids. [61,62] Considering these facts, it was strongly suggested that in the case of N-oxide containing diblock copolymers, the cell adhesion changes dramatically between 70% and 76% N-oxide ratios.
 Next, qRT-PCR was performed to determine the expression levels of stem cell markers in monolayer-cultured cells on TCPS, spheroid-forming cells on diblock copolymer-coated surfaces, and ultra-low-attachment (ULA) surface (Figure 11), because it has been reported that 3D spheroid culture may improve the properties of MSCs. [63] As the ULA surface, a multi-block copolymer, which is composed of poly(2-methoxyethyl acrylate) and polyethylene glycol (PEG) with a PEG feed amount of 10 wt%, named PEG-M10, was used. [59] The reason to use the multi-block copolymer, PEG-M10, is available for spheroid formation, and that was almost the same behavior on the Ultra Low Attachment (ULA) surface of PrimeSurface®️ (Sumitomo Bakelite Co., Ltd.) (Figure S11). The qRT-PCR results showed that the relative expression of Oct4, Sox2, and Nanog in spheroids on diblock copolymer-coated surfaces was significantly higher than that in monolayer-cultured cells on TCPS and BMA-DM. It has been reported that mesenchymal stem cells induce differentiation into osteoblasts when the cell density increases and the cells become nearly confluent, [64] thus, it is assumed that the formation of spheroids and the process leading to spheroid formation may contribute to the maintenance or enhancement of undifferentiated markers. 
Interestingly, the expression of stem cell markers is enhanced when the cells form spheroids while interacting with their substrates, as in the case of BMA-NOx40, 58, and 70 compared to spheroids obtained on BMA-NOx100 and ULA surfaces.  This was predicted to be due to prominent integrin-laminin interactions inside the spheroid, as reported in a previous study [33]. It has also been indicated that the function of spheroids is potentially enhanced by surfaces coated with polymers with modified amine oxide levels instead of the adhesion mechanism originally present in living organisms. However, the results of in vitro studies may not always match those of in vivo experiments, and further studies should be conducted using spheroids with undifferentiated markers to induce adipocyte and osteoblast differentiation. 
[image: ]
Figure 9. Phase-contrast images of hUC-MSCs cultured at 150,000 cells/well in a 35 mm dish spin-coated with each diblock copolymer. Images were captured 4 d after cell seeding. 
Scale bar, 200 μm.
[image: ]


Figure 10. Area occupancy of cell spheroids formed after cultivating for 4 d.
[image: ]
Figure 11. Relative mRNA expression of stem cell markers with respect to Oct4/GAPDH (a), Sox2/GAPDH (b), and Nanog/GAPDH (c) in monolayer-cultured cells on TCPS, spheroid-forming cells on the diblock copolymer-coated surface, and ULA surface.
(†p < 0.05, ††p < 0.01, and †††p < 0.001 vs. BMA-NOx100, analyzed via unpaired t-test, n = 3).


The surface properties and interactions with water, proteins, and cells are summarized as functions of N-oxide ratio in Figure 12. By systematically varying the N-oxide ratio, EMA and surface zeta potential of the polymer surface correlated with the amount of protein adsorbed in the 10% FBS containing cell culture medium and contributed to the spheroid formation rate. Although the correlation between the N-oxide ratio and the peak central wavenumber from the SFG measurements was low, it was correlated with 3230/3480cm-1 calculated as an index of the strength of hydrogen bonds in hydration water, suggesting that it may affect cell adhesion along with changes in physicochemical factors, such as wettability and zeta potential. Cell adhesion is controlled by N-oxide ratio, with cell adhesion predominating at low N-oxide ratios and nonadhesion at high N-oxide ratios. Interestingly, to some extent, the N-oxide ratio (40–70%), cells formed cell spheroids while interacting with their substrates, and the expression of stem cell markers was enhanced. The results mentioned that surfaces were adsorbed some proteins from the medium, and then small sized cell spheroids were formed on it moderately. Thus it was seen that higher cellular undifferentiation is the surfaces having protein adsorption moderately rather than not adsorb proteins. Consequently, spheroids formed on the surface where proteins and cells adhere weakly are of higher quality.





[image: ]Figure 12. Schematic illustration of the diblock copolymer-coated surface and interaction between surface properties and water, proteins, and cells.



4. CONCLUSIONS
　　Inspired by the unique behavior of N-oxide as a zwitterionic polymer, molecular weight-controlled diblock copolymers with tertiary side-chain amino groups were designed using the RAFT method, and the N-oxide ratio was varied using hydrogen peroxide. The zwitterionic N-oxide polymers developed in this study are soluble in alcoholic solvents but insoluble in water; thus, a simple coating method for depositing the polymers on the substrate surface could be used to obtain surfaces with different N-oxide ratios.  Physicochemical factors, such as wettability, zeta potential, and the strength of hydrogen bonds in hydration water varied with the N-oxide ratio, and surface enrichment by N-oxide units resulted in a super-hydrophilic and electrically neutral surface. Among the series of diblock copolymers, the expression of stem cell markers was enhanced when cells formed spheroids while interacting with their substrates, as in the case of N-oxide ratios ranging 40–70%.   Although not all functions of spheroids obtained from diblock copolymer-coated surfaces have been fully elucidated, unique and simple surface coatings with N-oxide-containing diblock copolymers will be a steppingstone for designing new biomaterials for regenerative medicine, tissue engineering, and medical devices.
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