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A B S T R A C T

By 60Co-γ irradiation method, the Chitosan-oligosaccharide (COS) was grafted onto the inner surface of the
polystyrene (PS) microtiter, which was soaked with COS solution before the irradiation. To evaluated the effect
of COS concentration on the properties of the PS microtiter, FTIR, XPS, AFM, Contact angle tester and enzyme-
linked analyser was used to measure the surface properties and BSA adsorption of PS-COS plates. The results
shows that, with the increase of COS concentration, the contact angle clearly decreased at the dose of 12 kGy.
The absorbance variances of the COS modified plate is less than 5% while the BSA adsorption is higher than the
PS plates. The COS-modified microtiter has the potential applications in biochemical analysis.

1. Introduction

Enzyme-linked immunosorbent assays (ELISA) methods are mainly
based on the reaction or adsorption between biomolecules and poly-
styrene microtiter plates (Eckert, Grobe, & Rothe, 2000; Mcclung,
Clapper, Hu, & Brash, 2001; Werning et al., 2014). Usually the surface
functional groups of modified polystyrene microtiter plates directly
affect the results of ELISA. Lysine, the ester of methacrylic acid, acrylic
acid and crotonic acid are mostly used as active monomers in the sur-
face modification of polystyrene microtiter plates by free radical poly-
merization or vapor deposition (Eckert et al., 2000;
Goddard &Hotchkiss, 2007; Larsson, Johansson, Hult, & Gothe, 1987).
The adsorption capacity of modified polystyrene microtiter plates are
obviously improved, but the impurities, such as initiator and cross-
linking agent, were left behind. In comparison with free radical poly-
merization or vapor deposition, the method of irradiation grafting has
many advantages, for example, the free radicals can be initiated by
irradiation without initiator, which has no chemical pollution in the
reaction system (Bhattacharya, 2000; Jin, Yang, Yang, Chen, & Chen,
2014; Kim, Saito, & Furusaki, 1991; Tsuneda, Saito, Furusaki,
Sugo, & Okamot, 1991; Wu, Sang, Liu, & Shen, 2004). Hence, the irra-
diation surface modification has become a research hotspot
(Chmielewski, Haji-Saeid, & Ahmed, 2005; Guven, 2017). Chitosan was
grafted onto poly (3-hydroxybutyrate), glycidyl methacrylate (GMA)
was grafted onto microcrystalline cellulose (MCC) and a new kind of
non-fluorin-based organic hybrid superhydrohobic cotton fabric was
prepared by irradiation grafting have been reported (Gao et al., 2016;
Madrid & Abad, 2015; Torres et al., 2015).

Chitosan (CS) is usually used as biocompatible macromolecule
which has the advantages of hydrophilicity, pliability, plasticity, sta-
bility (Anitha et al., 2014; Choi, Nam, & Nah, 2016; Dash, Chiellini,
Ottenbrite, & Chiellini, 2011; Padilla-Rodriguez et al., 2015). Even
though CS has shown various functional properties, the poor solubility
limits its application in surface grafting. So, to overcome this issue,
soluble chitosan derivatives have been prepared by irradiation. It has
been reported that irradiation grafted acrylic acid (AA) and acrylamide
(AAm) onto chitosan would control drug release, and irradiated chit-
osan would improve its antioxidant activity and reduce the radiation
damage to the radiation workers or radiation cured patients
(Chmielewski, 2010). Unlike CS, COS are readily soluble in aqueous
solutions due to their smaller molecular weight and free amino groups.
COS possesses the biocompatibility, surface positive charge, physico-
chemical properties and water/acid solubility (Zou et al., 2016). Elec-
trostatic interactions between positively charged COS and negatively
charged cells carrying negative charge, and the reaction between the
amino groups of COS and the carboxyl groups of protein, are beneficial
for biological detections. Owing its physical and chemical properties,
COS has potential applications at a cellular or molecular level in many
aspects. Murata, Nakano, Tahara, Tozuka, and Takeuch (2012) reported
that COS was used as surface modifier to increase the cellular asso-
ciation of liposomes. The stearic acid (SA) and poly-lactic-co-glycolic
acid (PLGA) grafted chitosan oligosaccharides tripolymer can be used
as a carrier for hydrophobic drugs (Zhou et al., 2010). Grafting of
polystyrene onto chitin and chitosan using 60Co γ-irradiation at room
temperature was investigated (Liu, Zhai, &Wu, 2001).

Based on above description and discussion, it can be seen that there
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is the feasibility in theories and practices to modify the PS-mcirotiter
with COS by irradiation method. In this work, we have expected to
obtain a novel microtiter plate which could adsorb the BSA homo-
geneously, stability. The COS was selected to prepare PS-COS microtiter
plates by 60Co-γ irradiation method. For investing the effect of COS
concentration on the physical and chemical properties of PS-COS mi-
crotiter plate, the surface properties, water contact angle, absorbance
variances and the BSA adsorption properties were evaluated.

2. Experiment

2.1. Materials

Microtiter plates (126mm × 86 mm, 96 wells) were purchased from
Haimen San Ye plastics factory (Jiangsu, China). Chitosan (average
molecular weight 1.82 × 105 Da; degree of deacetylation DDA= 95%)
as initial material was supplied by Laizhou Hali biological product Co.,
Ltd. (Shandong, China) and was purified in HCl aqueous solution (1%,
v/v) and NaOH aqueous solution (5%, v/v). COS (Mn = 1.5–2.0 × 103;
DDA = 65%) was obtained by enzymatic hydrolysis according to the
method described previously (Qin, Du, Xiao, Li, & Gao, 2002).

Bovine serum albumin (BSA, purity≥98%) was purchased from
Sigma Aldrich. Acetic acid (AR, 99%) was supplied by Jiangtian
Chemical Industry Technique Co., Ltd. (Tianjin, China). Phosphate
buffer saline (PBS, C0221A–500 mL), Tetramethylbenzidine (TMB,
P0209–100 mL) was purchased from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). All aqueous solutions were used with redistilled
water.

2.2. Methods and procedures

Preparation of PS-COS microtiter plates. Microtiter plates were
washed with anhydrous ethanol and distilled water successively and
then dried in a vacuum oven at 50 °C for 12 h to remove water. After
that, these microtiter plates were soaked with an acetic acid/water (1%,
v/v) solution of various COS concentration (0, 0.2, 0.4, 0.6, 0.8, 1.0%,
w/w) about 200 μL per pore and quickly sealed with films respectively.
The samples were irradiated by 60Co γ-ray to initiate the grafting re-
action at room temperature. In the process of irradiation, the selected
irradiation dose was 12 kGy and the dose rate was 60 Gy/h. Thereafter,
the samples were washed with acetic acid/water solution by ultrasonic
washing to remove homo-polymers and the unreacted monomers until
the residual is completely removed, and dried at room temperature.
Fig. 1 shows a possible mechanism in grafting COS on microtiter plates
via γ-ray irradiation. Through the irradiation, COS and the surface of
polystyrene microtiter plates were able to generate living free radicals
(Depan & Singh, 2015; Gryczka et al., 2009;
Pasanphan & Chirachanchai, 2008; Shen, Hu, Wang, & Qu, 2011).
Eventually the COS could be grafted onto polystyrene microtiter plates
by free radicals combination. Finally, we have obtained the PS-COS
microtiter plates.

Surface Properties. FT-IR spectra were recorded as KBr pellets using
a Bruker (TENSOR 37) spectrometer in the range 4000–400 cm−1. The
powder was obtained from the inner surface of the PS and PS-COS
microtiter plates. XPS spectra were obtained on an EDAX-GENESIS 60S
instrument using Al Kα (1486.6 eV) excitation at pass energies of
200.0 eV for survey and 50.0 eV for high-resolution core-level spectra
of C1s, O1s, N1s. Atomic Force Microscope (AFM) was used to ascertain
and compare the morphology of the original plates, the acetic acid
modified plates and COS-grafted plates. The measurements were per-
formed using AFM (JSPM-5200) working on tapping mode. The mi-
crotiter plates were cut and the flat inner surface were measured using
digital image analysis. Water contact angle measurements were carry
out by JY-150 contact angle measuring instrument (Chengde Testing
Machine Co., Ltd, China). The enzyme-linked analyzer (Multiskan Mk3,
Thermo Fisher Scientific) was used to measure the absorbance value of

the microtiter plates at 450 nm wavelength.
Protein Adsorption. The bovine serum albumin (BSA) solution was

prepared to calibrate the concentration via Ultraviolet
Spectrophotometer, and the equation is:

CPr = 1.45 × A280 − 0.74 × A260 (mg/mL).

Where, CPr is the concentration of BSA; A280 and A260 are the values of
the ultraviolet absorption, respectively.

The BSA solution ([c] = 20, 40, 80, 120, 160, 200 ng/mL in PBS at
pH = 7.4) were added to the unmodified microtiter plates, about
100 μL per pore, and incubated 1 h at 37 °C. A row of unmodified mi-
crotiter plates as blank were blocked by PBS and washed (wash buffer:
0.05% Tween20, PBS; pH = 7.4) up to 6 times latter. Next the dilution
BSA-HRP (1:1000, v/v) antibody was added to each pore and incubated
for 30 min at 37 °C. After the plates were washed with buffer solution
until unbound protein were removed, and the enzyme activity with
TMB was tested. The reaction was terminated after 2 min with 50 μL
H2SO4 (2 mol/L) and the absorbance were measured at the wavelength
of 450 nm in ELISA meter. After the procedures were performed at least
three times, the standard curve was obtained.

The modified microtiter plates were soaked with BSA ([c] = 3800,
5000 ng/mL in phosphate buffer saline at pH = 7.4), about 100 μL per
well, and incubated 1 h at 37 °C. After the mixing, 10 μL supernatants
were added to 90 mL PBS of the unmodified microtiter plates and mixed
with mini shaker, and incubated for 1 h at 37 °C. Then the previous
steps of how to get standard curve were repeated. The protein ad-
sorption would be obtained by comparing with the standard curve.

Statistical Analysis. The statistical analysis for both the surface
analysis and protein adsorption data was performed with Origin (v.
8.1.3490, Origin Lab Corp., USA). As indicated earlier, all experiments
were carried out in triplicate and repeated twice. All graphs in this
study are shown as mean ± standard deviation (SD). Differences were
considered significant for p < 0.05.

3. Results and discussion

3.1. Surface characterization

As illustrated in Fig. 2, the characteristic vibrations of PS displayed
vibration of ]CH2 stretch at 2922 cm−1, 2849 cm−1and eCH stretch
peak at 3025 cm−1. These peaks all appeared in the spectrum PS-COS.
In addition, the OH stretch peak at 3440 cm−1 was belonged to COS
(Fig. 2(a)). For COS, the characteristic bands at 1657 cm−1,1522 cm−1

correspond C]O in amide group, NH bending of amine (II) at 1562
cm−1 and 1552 cm−1, CeN stretch peak at 1424 cm−1, and vibration
of eCH stretch at 1380 cm−1, 1360 cm−1 (Fig. 2(b)). Otherwise, the
peaks at 1778 cm−1, 1739 cm−1 correspond to the C]O of carboxyl
groups. There is no obvious change in bands at 1200–800 cm−1, which
indicated that the pyranose ring opening (Fig. 2(c)). This result is in
accordance with Fig. 1.

In order to further confirm that the COS was grafted onto the surface
of microtiter plates, the XPS were used to quantify the surface con-
centration of carbon, oxygen and nitrogen groups. The oxygen and ni-
trogen content were all increased than the untreated PS microtiter
plates (Fig. 3 and Table 1). However, the C/N ratio of PS-COS plates
were decreased, which is due to the structure of COS molecular contains
O and N, changed the C content.

Fig. 4 shows the surface morphology images of microtiter plates.
Comparison with the original microtiter plate, the surface of the PS-COS
microtiter plate is rougher and exhibits a large amount of protuberances
(Fig. 4(b)). The protuberances display discontinuity, which contributed
to the protein well adsorbed. In addition, grafting reaction in acetic acid
was displayed in Fig. 4(c). The results indicated that the COS was well
grafted onto the surface of PS microtiter plate.

Fig. 5 shows that the concentration of COS effects on water contact
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Fig. 1. Scheme of the COS modification of PS mi-
crotiter plate by irradiation grafting.

Fig. 2. FT-IR spectra of PS and PS-COS in the (a) 4000–2500 cm−1, (b) 1800–1300 cm−1, (c) 1200–800 cm−1 region.
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angle. A rapid decrease of contact angle is observed up to 0.8% and
then the contact angle decrease slows down gradualy. It suggested that
with the increase of COS concentration, the hydrophilicity of the PS-
COS plates increase, due to the surface polarity effect (Kozbial et al.,
2014). The wettability indicated that the COS grafted onto the inner
surface of the PS microtiter plate.

3.2. Absorbance of PS-COS microtiter plate

The relationship between the absorbance variances and the con-
centration of COS were described as Fig. 6. The increasing trend was
obviously observed as the concentration of COS increased. When the
concentration of COS changed from 0.6 wt% to 1.0 wt%, the increase
rate of absorbance decreased. This implied that with the concentration
of COS increasing, the grafting amount of COS would increase. How-
ever, higher grafting ratio affects the transmittance of microtiter plates
and the sensitivity for biochemical analysis. Therefore, the concentra-
tion of COS should be lower.

3.3. BSA adsorption of PS-COS microtiter plate

Protein adsorption is the first and the foremost step in the bioma-
terials applications (Depan & Singh, 2015; Gagliardi, 2012). BSA is one
of the most widely used blocking agents for ELISA, which has amino
(eNH2) and carboxyl (eCOOH) groups (Guo, Yuan, & Zeng, 2014;
Wangkam et al., 2012). COS has reactive amino and hydroxyl groups
that provide many possibilities for combination with BSA. It has been
reported that the protein adsorbed CS promotes the adhesion and
proliferation of human endothelial cells (Chung, Lu, Wang, Lin, & Chu,
2002).

Fig. 3. XPS spectrum of (a) Original microtiter plates, (b) PS-
COS microtiter plates.

Table 1
The elemental composition of original and grafted COS microtiter plates

Samples Element composition(%)

C O N C/N

Original microtiter plate 91.15 4.94 1.10 82.86
PS-COS microtiter plate 90.10 5.68 1.71 52.69

Fig. 4. AFM images of (a) original microtiter plate, (b) PS-COS microtiter plate, (c) acetic acid microtiter plate.

Fig. 5. Effect of COS concentration on the contact angle of the PS-COS surface.

Fig. 6. Effect of COS concentration on absorbance variances.
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Fig. 7 shows the effect of COS concentration on BSA adsorption. The
increase of BSA adsorption is observed up to 0.8% and then decrease
with the increase of COS concentration. The results indicated that the
existence of COS onto the plates and with the increase of COS con-
centration the adsorption increased, due to the electrostatic interaction
(Yoon, Kim, & Kim, 1999). Moreover, the BSA adsorption closely relates
to hydrophobic interaction. With the increase of COS concentration, the
BSA adsorption decrease. The probable reason why the decrease of
adsorption at the COS concentration higher than 0.8% is that the ad-
sorption is controlled by surface wettability of PS-COS (Fig. 5). The
hydrophilicity results in a low level of adsorption. Hence it can be
concluded that the modified PS-COS microtiter plates has the capacity
to adsorbed BSA, and the maximum adsorption capacity was higher
than original microtiter plate (230 ng cm−2). The data of the water
contact angle and the BSA adsorption indicated that the optimized
concentration of COS is 0.8 wt%. The mean coefficient of variation (CV)
was lower than 5% eventually. It turned out the PS-COS plates adsorb
the BSA homogeneously and stability.

4. Conclusions

In this work, the surface properties of microtiter plates were im-
proved by a direct 60Co-γ ray irradiation method. When the original PS
microtiter was soaked by 0.8 wt% COS water solution first and then
irradiated with 12 kGy dose at ambient temperature, both the water
contact angle and the BSA adsorption of the modified microtiter plates
reached to the optimum. The value of absorbance variances with re-
peated measures is less than 5%, which demonstrated that the PS-COS
microtiter plates can adsorb the BSA homogeneously. Comparison with
the original PS microtiter plates, the grafted COS and its polymer de-
monstrated higher protein adsorption. The obtained PS-COS microtiter
plates are promising for ELISA applications.
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