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Abstract Herein 2,3-dialdehyde cellulose beads

prepared from Cladophora green algae nanocellulose

were sulfonated and characterized by FTIR, conduc-

tometric titration, elemental analysis, SEM, f-poten-

tial, nitrogen adsorption–desorption and laser

diffraction, aiming for its application as a potential

immunosorbent material. Porous beads were prepared

at mild reaction conditions in water and were chem-

ically modified by sulfonation and reduction. The

obtained 15 lm sized sulfonated beads were found to

be highly charged and to have a high surface area of

* 100 m2 g-1 and pore sizes between 20 and 60 nm,

adequate for usage as immunosorbents. After reduc-

tion of remaining aldehyde groups, the beads could be

classified as non-cytotoxic in indirect toxicity studies

with human dermal fibroblasts as a first screening of

their biocompatibility. The observed properties make

the sulfonated cellulose beads interesting for further

development as matrix material in immunosorbent

devices.

Keywords Periodate oxidation � Dialdehyde

cellulose � Surface group density � Sulfonated beads �
Cytotoxicity

Introduction

Nanocellulose has emerged as an interesting version

of the extensively utilized polymer cellulose. Nanocel-

lulose is a versatile material obtained from different

sources, such as wood, algae and bacteria and consists

of cellulose chains structured in nanometer sized fibers

or crystallites (Dufresne 2013).

Nanocellulose obtained from Cladophora green

algae has unique properties such as high surface area

of around 100 m2 g-1, high degree of crystallinity up

to 95%, entangled fibrous web structure and excellent

mechanical and rheological properties (Mihranyan

2010). It is obtained from filamentous green algae that

can be harvested at various coastal areas around the

world (Mihranyan et al. 2007). The unique features

described above have contributed to the increasing

interest in using Cladophora nanocellulose in biomed-

ical applications such as in hemodialysis membranes,

(Ferraz et al. 2012, 2013; Ferraz and Mihranyan 2014)

for electrochemically controlled DNA extraction,
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(Razaq et al. 2011) DNA-immobilized immunosor-

bent membranes, (Xu et al. 2016) for adsorption of

metals from solution and for size-exclusion virus

removal (Metreveli et al. 2014; Asper et al. 2015;

Gustafsson et al. 2016).

Our group has recently described the synthesis of

Cladophora nanocellulose dialdehyde (DAC) beads

by one-pot procedure in water under mild reaction

conditions (Lindh et al. 2014, 2016; Ruan et al. 2016).

The spherical DAC beads are spontaneously formed

under the specified reaction conditions and circumvent

the need of cumbersome bead formation processes.

Cellulose beads, which are spherical particles with a

diameter in the micro to millimeter range, have been

used in a wide range of applications, including

industrial, biotechnological and biomedical settings

(Gericke et al. 2013). These applications also include

the use of cellulose beads as immunosorption mate-

rials (Weber et al. 2005, 2010; Ettenauer et al. 2011).

Here we investigate the synthesis of porous

sulfonated dialdehyde cellulose beads and anticipate

their potential applications as hemocompatible

immunosorbents. We foresee that the high degree of

oxidation of the nanocellulose beads can be exploited

to immobilize antibodies for tailored removal of

specific toxins and further development of personal-

ized treatments. The abundance of aldehyde groups on

the surface of the beads provides excellent auxiliaries

for mild and efficient coupling chemistry of e.g.

amines and can be applied to bind sensitive biological

substrates. Moreover, the spherical shape of the beads

is beneficial for flow applications where the spheres

reduce the backpressure and permit relatively high

flow rates at moderate pressure. In all sorption

applications a large contact area between the sorption

material and the adsorbate is beneficial, which is

catered for using the high surface area of the

Cladophora nanocellulose. Further, the porosity of

the beads might be tailored to induce sorption of

biomolecules of certain sizes and thereby provide

physical selectivity.

An important property for a number of immunosor-

bent materials is hemocompatibility. Blood-material

interactions lead to the activation of blood cells and

cascades resulting in coagulation and inflammation

(Gorbet and Sefton 2004). In order to avoid the

formation of clots and decrease the inflammatory

response during blood-related procedures, an antico-

agulant agent such as soluble heparin is administered

to the patient (Olson and Björk 1993; Salmivirta et al.

1996; Alban 2005). Heparin is a sulfonated gly-

cosaminoglycan polysaccharide obtained from inter-

nal organs of mammals and it is widely used in

medical procedures involving blood withdrawal (Ol-

son and Björk 1993; Cosmi and Palareti 2012).

However, in the long term it can cause many side

effects such as thrombocytopenia, hyperkalemia and

osteoporosis (Junqueira et al. 2013). Therefore a

procedure using a membrane or sorption material

possessing anticoagulant properties could be of inter-

est, as it would reduce the amount of heparin given to

patients.

In this sense, material-surface modification by

introducing heparin-like structures has been suggested

to obtain antithrombogenic materials (Tamada et al.

1998; Ran et al. 2012). The introduction of sulfonated

moieties in polysaccharides has been proposed as an

alternative to heparin (Maas et al. 2012) since it is

believed that the activity of heparin is due to the

presence of sulfate, sulfamide and carboxylic acid

groups (Silver et al. 1992; Tamada et al. 1998, 2002).

In the present study, a sorption material based on

2,3-dialdehyde cellulose (DAC) beads prepared with

nanocellulose from Cladophora green algae was

chemically modified with sulfonate groups with the

ultimate aim of introducing anticoagulant properties.

The surface modified material was characterized in

terms of degree of sulfonation, surface area, porosity,

f-potential and size of the particles. Additionally,

indirect cytotoxicity studies were performed with

human cell lines as a first evaluation of the biocom-

patibility of the beads.

Cytotoxicity testing is part of the biocompatibility

studies of medical devices and is required for all types

of devices according to the international standards

compiled as ISO 10993 (ISO10993-5 2009).

This work is the first part of a study aiming to

develop advanced nanocellulose-based sorption mate-

rials with anticoagulant properties which could be

used as a platform for coupling specific antibodies.

Materials and methods

Chemicals

Nanocellulose from Cladophora green algae was

provided by FMC Biopolymer, U.S.A. Sodium
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metaperiodate, sodium bisulfite solution, sodium

borohydride, and other chemicals were of analytical

or reagent grade and were used as received. Dul-

becco’s Modified Eagle Medium (DMEM-F12), Dul-

becco’s phosphate buffered saline (PBS) and RPMI-

1640 medium were purchased from Sigma-Aldrich

(Germany) and used as received. Alamar blue cell

viability reagent was purchased from Invitrogen

(U.S.A.). Fetal bovine serum (FBS, HycloneTM) was

purchased from GE Healthcare Life Sciences (U.K.).

Preparation of materials

Preparation of DAC beads

Cladophora nanocellulose, 12 g, was dispersed in

1.8 L 10 mM acetate buffer (pH 4.5) containing

dissolved NaIO4, 79 g, (about 5 mol per mol of

anhydroglucose unit) and 180 mL 1-propanol as a

radical scavenger. The reaction was carried out in the

dark with magnetic stirring. Any excess of periodate

was quenched by addition of 24 mL ethylene glycol

and stirring for 30 min. The mixture was then

transferred to test tubes and centrifuged for 10 min

at 2600g. After being centrifuged the cellulose parti-

cles were collected at the bottom of the tubes and the

supernatant could easily be poured off. Then water

was added to the tubes and the cellulose was re-

suspended, the mixture was then vortexed for 5 min

and centrifuged for 10 min at 2600g. This was

repeated four times with water, four times with

ethanol and two more times with water to ensure that

byproducts or unreacted substances were washed off

from the porous beads; at the end of the washing

procedure the pH was checked to make sure that it was

neutral and the conductance was measured until

reaching the conductance of deionized water. In order

to dry the beads for characterization and cell studies,

they were washed and centrifuged three more times

with ethanol and left to air-dry for 24 h in the fume

hood.

Preparation of sulfonated beads

The never-dried DAC beads were sulfonated using

14 mL of Na2SO3(aq) 40%(w/v) for each 5 g of never-

dried material (corresponding to 0.5 g dried DAC) for

24 h and named SDAC. The samples were purified

using the same protocol as above. The drying proce-

dure was performed as mentioned before.

Characterization

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra during the course of the periodate

oxidation reaction to produce the DAC beads were

collected on a Bruker Tensor 27 (Germany) spec-

trometer with KBr pellets (1%wt sample). The reso-

lution was 4 cm-1 and 100 scans were averaged. Two

analyses were made with each sample. A rubber band

background was subtracted from all spectra using the

instrument Software (Opus 7.0, Bruker, Germany).

Quantification of aldehyde and sulfonated groups

content

The DAC samples were transformed to aldoximes via

Schiff base reactions with hydroxylamine according to

a literature procedure (Kim et al. 2000) and were

analyzed for elemental composition (C, H, N, O and S)

by Analytische Laboratorien (Lindlar, Germany).

Briefly, never-dried DAC (corresponding to a dry

weight of 100 mg), 40 mL of acetate buffer (pH 4.5),

and 1.65 mL of hydroxylamine solution (aqueous,

50%wt) were added to a round bottom flask under

magnetic stirring. The reaction mixture was stirred at

room temperature for 24 h. The product was thor-

oughly washed with water and dried under reduced

pressure prior to elemental analysis. The SDAC and

the reduced SDAC samples (described in Sect. 2.4)

were purified following the same procedure described

for the DAC beads and were dried under reduced

pressure prior to elemental analysis (C, H, N, O and S).

Determination of sulfonated group content

The amount of sulfonated groups present in SDAC

was determined by conductometric titration of the

total charged groups in the sample. About 100 mg of

material was dispersed in 60 mL NaCl (0.01 M)

through high-energy ultrasonication (Vibracell

600 W, 20 kHz, U.S.A.), and the pH was adjusted to

2.8 by adding HCl (1 M) to ensure that all sulfonated

groups on the nanocellulose surface were protonated.

The dispersion was purged with nitrogen for 20 min

prior to titrations in order to remove dissolved gases
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that could influence the pH of the medium. The

titration was made with NaOH (0.05 M) using a

Mettler Toledo T70 titrator (Lloyd et al. 1993; Beck

et al. 2015).

Scanning electron microscopy (SEM)

SEM micrographs of the different nanocellulose

materials were recorded with a LEO 1550 SEM

instrument (Zeiss, Germany). Samples were mounted

on aluminum stubs using a double-sided adhesive

carbon tape and sputtered with Au/Pd with a plasma

current of 30 mA for 30 s.

f-Potential measurements

Dispersions of 0.001%(w/w) of the modified materials

in NaCl(aq.) (10 mM) were prepared through high-

energy ultrasonication (Vibracell 600 W, 20 kHz,

U.S.A.), and pH was adjusted to 6.5 with 0.05 M

NaOH. The electrophoretic mobility of the samples

was measured using a universal dip cell, a ZetaSizer

Nano instrument and a ZetaSizer Properties Software,

all from Malvern Instruments, U.K.

Specific surface area (SSA) and pore size distribution

analysis

The nitrogen adsorption–desorption experiments were

performed at 77 K using a Micrometrics ASAP 2020

gas sorption instrument (Micromeritics, Norcross,

GA, U.S.A.). The samples were degassed at high

vacuum (1 9 10-4 Pa) at 80 �C for 24 h prior to

analysis. The SSA was calculated using the

Brunauer-Emmett-Teller (BET) method (Brunauer

et al. 1938) on the adsorption branch of the isotherm at

P/P0 between 0.05 and 0.3. The pore size distribution

was calculated using the Barrett-Joyner-Halenda

(BJH) method (Brunauer et al. 1938; Landers et al.

2013) based on the desorption branch of the isotherm.

Particles size distribution analysis

Samples were dispersed in water and sonicated and

then analyzed with laser diffraction using a Master-

sizer 3000 instrument (Malvern Instruments, UK).

Cell studies

Preparation of reduced sulfonated beads

The remaining aldehyde groups in the SDAC beads

were reduced to hydroxyl groups with 10 mg of

NaBH4 per 5 g of wet material (corresponding to

0.35 g dried SDAC) and purified using the same

protocol described for the other samples. The sample

was named RSDAC.

Cell culture

Human dermal fibroblasts (hDF, European Collection

of Authenticated Cell Cultures (ECACC)) were cul-

tured in DMEM-F12 medium and THP-1 human

monocytes (ECACC) were cultured in RPM1-1640

medium, in a humidified atmosphere 5% CO2 at

37 �C. Both mediums were supplemented with 10%(v/

v) FBS (heat inactivated when added to RPMI-1640

medium), 100 IU mL-1 penicillin, 100 lg mL-1

streptomycin. hDF cells were harvested using tryp-

sin-EDTA treatment. THP-1 and hDF cells were

counted using a hemocytometer and cell viability was

assessed through trypan blue staining (95–99% viable

cells).

Indirect toxicity test

The leakage of potentially toxic products from DAC

and sulfonated samples was analyzed by indirect

toxicity tests. The experiments were carried out in

compliance with the ISO-10993-5 procedure

(ISO10993-5 2009). The test materials were extracted

for 24 ± 2 h in cell culture medium (supplemented

DMEM-F12 or supplemented RPMI-1640) at 37 �C
and the extract medium was then used for culturing the

cells. The powders were pre-soaked with cell culture

medium and thereafter 1 mL of culture medium per

0.2 g of material was used for the extraction. The

medium extracts were collected and centrifuged at

2000g for 10 min, and thereafter sterilized by filtration

(0.2 lm filter). hDF cell suspensions in medium

extract were prepared at a density of

90,000 cells mL-1 and 100 lL were added to the

wells of 96 well-tissue culture plates. For the THP-1

cells, the suspensions were prepared in the medium

extracts at a density of 300,000 cells mL-1 and

500 lL of each suspension were added to 24 well-
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tissue culture plates. The negative control was the

medium extract of tissue culture plate (TCP) and the

positive control was 5% dimethylsulfoxide (DMSO)

in cell culture medium. Cells were cultured for

24 ± 2 h in a 37 �C, 5% CO2 incubator with humid-

ified atmosphere. The samples were run in triplicates

and each experiment was repeated at least 3 times.

After incubation, cell viability was determined by

the alamar blue assay. For the hDF cells, cell culture

medium was removed from the wells and the wells

were carefully washed with PBS before adding

100 lL of alamar blue reagent diluted 1:10 in PBS.

After 90 min incubation in a 37 �C and 5% CO2

incubator with humidified atmosphere, 100 lL ali-

quots were transferred to a black 96 well culture plate

and the fluorescence intensity was measured by a

spectrofluorometer (Tecan Infinite M200, Switzer-

land) at 560 nm excitation wavelength and 590 nm

emission wavelength.

THP-1 cell suspensions were collected in Eppen-

dorf tubes and centrifuged at 500g for 5 min, cells

were then re-suspended in 500 lL of fresh cell culture

medium and transferred to another 24 well-tissue

plate. Alamar blue solution, 50 lL, was added to the

wells and incubated and analyzed as described for the

hDF cells. Results are presented as percentage of cell

viability of the negative control.

Light microscopy

Adherent hDF cells were observed under light

microscopy (Nikon Eclipse TE2000-U) to evaluate

their morphology. The extract medium was removed

from the wells after 24 h culture, and the wells were

carefully rinsed with PBS prior the microscopy

observation.

Statistical analysis

The software R was used to perform statistical analysis

with one way ANOVA (LSD and Tamhane post hoc

test). p values\ 0.05 were considered to be statisti-

cally significant.

Results and discussion

Cladophora nanocellulose was chemically modified

into 2,3-dialdehyde cellulose and its sulfonated

derivatives as schematically shown in Fig. 1. The

periodate oxidation led to DAC beads following a

procedure developed by Lindh et al. (2014) using a

one-pot procedure in aqueous medium. The produced

DAC beads had 95% conversion of the 2,3-hydroxyl

groups to aldehydes according to elemental analysis

data.

Following the oxidation, a sulfonation reaction was

performed using the method developed by Zhang et al.

(2007) and about 50% degree of sulfonation was

intended. This degree of sulfonation was chosen in

order to preserve the other half of the aldehyde groups

for future coupling with specific antibodies. An

additional step was performed to reduce the remaining

aldehyde groups back to hydroxyl groups, obtaining

the RSDAC sample used in the cell toxicity studies.

The periodate oxidation reaction leads to full

conversion of the vicinal OH groups into aldehydes

in 240 h and the course of the reaction could be

followed by FTIR spectroscopy and microscopy.

Figure 2 shows the spectra corresponding to the

formation of the dialdehyde groups with the increase

of the bands centered at 1730 and 880 cm-1, corre-

sponding to the carbonyl and hemiacetal groups

respectively (Kim et al. 2000).

The formation of DAC beads was also followed by

light microscopy and SEM. Figure 3a displays light

microscopy images showing the changes in the

morphology of the cellulose from an undefined

morphology to round shaped structures dispersed in

a solvent droplet, while Fig. 3b shows the surface of

the material in more detail as observed by SEM.

The DAC beads were sulfonated with the aim of

introducing heparin-like moieties that could render the

material with anticoagulant properties. The physico-

chemical properties of the sulfonated material were

investigated and compared with its precursor

(Table 1). The elemental analysis and the conducto-

metric titration confirmed the successful introduction

of the sulfate groups (Table 1), while the beads

morphology was maintained (Fig. 4).

Light diffraction analysis was performed to deter-

mine the particle size distribution and showed that the

size of the wet DAC beads was in the range of

5–22 lm as shown in Table 1. The degree of

sulfonation achieved was 48%, as determined via

conductometric titration.

The BET analysis shows that the SDAC beads have

higher surface area (106 m2 g-1) compared to the
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DAC beads (19 m2 g-1), and to the unmodified

material (96 m2 g-1), and also when compared to

other immunosorbent materials based on polymeric

beads as reported by Saylan et al. of 17.4 and

18.7 m2 g-1 for poly(2-hydroxyethyl methacrylate)

and for poly(2-hydroxyethyl methacrylate-N-

methacryloyl-L-phenylalanine) respectively (Saylan

et al. 2012).

Figure 4 shows SEM images of unmodified

nanocellulose, DAC and SDAC depicting the change

in morphology from packed fibers to beads with

smooth surfaces to beads with highly porous structure,

respectively. The change in porous structure when

sulfonate groups are introduced could be explained by

the increase of charge due to sulfonation that causes

repulsion of the fibers and thus increases the porosity,

while the interactions between the aldehyde groups

make the fibers interact stronger with each other via

hydrogen bonds within hydroxyl groups in neighbor-

ing chains.

Figure 5 shows the pore size distribution of the

different materials measured by nitrogen sorption

analysis. The values corresponding to the SDAC and

RSDAC samples, between 20 and 60 nm, are larger

than the pore width of the unmodified Cladophora

nanocellulose, between 8 and 20 nm, and much larger

than the DAC beads which have most of the pores

between 1 and 8 nm, corroborating the SEM images

shown above. The mesoporous range of the sulfonated

DAC beads opens up the possibility of using the beads

in protein retention systems (Wang et al. 2007;

Ettenauer et al. 2011). Cellulose membranes initially

used as immunosorbents possessed mostly small pores

which allowed the passage of excess fluid but blocked

the removal of bigger proteins, causing their accumu-

lation in the blood and leading to health problems

(Davankov et al. 2000).

Cellulose-based immunosorption devices are used

in in vitro and clinical research and are also available

as commercial products, e.g. LixelleTM (Kaneka

Corporation, Osaka, Japan). These materials are,

however, expensive due to their way of production,

and they are all based on non nanocellulosic materials

(Kutsuki 2005; Yu 2013). Sulfonated cellulose mate-

rials have been studied as adsorbents for water

treatment, (Dong et al. 2016) and Selesorb� (Kaneka

Corporation, Osaka, Japan) is a clinically used

Fig. 1 Schematic representation of the chemical modifications of the Cladophora nanocellulose
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Fig. 2 Periodate oxidation reaction followed by FTIR spec-

troscopy. Observe the intensity increase with time of the bands

centered at 1730 and 885 cm-1 that correspond to the carbonyl

and hemiacetal groups respectively
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immunosorbent based on cellulose modified with

dextrane sulfate. Further, nanocellulose has been

recently used for wastewater purification (Putro et al.

2017). However, to the best of our knowledge there is

no report of a sulfonated nanocellulosic material for

immunosorption. As an initial step towards develop-

ing a nanocellulose based sulfonated material intended

for immunosorption applications, thorough material

characterization and cytotoxicity studies were deemed

important.

Before the cytotoxicity tests, an extra step was

taken to reduce the remaining aldehyde groups in the

SDAC sample back to hydroxyl groups, obtaining the

RSDAC material (Fig. 1). This was done because the

aldehyde groups are known to interact with proteins

and this could influence the material-cell interactions

Fig. 3 Periodate oxidation reaction followed by: a light microscopy, b SEM

Table 1 Physicochemical

properties of the different

Cladophora nanocellulose

materials

Unmodified DAC SDAC RSDAC

%S (CHNS) 0 0 13.50 13.60

BET surface area (m2 g-1) 96 19 106 90

Total pore volume (cm3 g-1) 0.44 0.10 0.27 0.20

Amount of charged groups (lmol g-1) 32 ± 2 30 ± 5 495 ± 3 486 ± 5

f-Potential at pH 6.5 (mV) - 8 ± 3 - 12 ± 2 - 29 ± 5 - 25 ± 3

Particle size d50 (lm) 13 ± 8 15 ± 6 17 ± 5
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in future bioapplications of the sulfonated beads

(Beauchamp et al. 1992). The reduction step preserved

the beads morphology (Fig. 6) and size, however a

decrease in specific surface area and in total pore

volume was observed (Table 1). SEM images in Fig. 6

also reflect the decrease in the porosity of the RSDAC

material compared with SDAC.

hDF cells and THP-1 monocytes were selected as

model cells for the indirect toxicity studies. Fibrob-

lasts are usually recommended as model cells for

indirect tests, (ISO10993-5 2009) while monocytes

are relevant for the proposed application of the

sulfonated nanocellulose material, where the material

will be in contact with blood. Figure 7a shows the

results of the indirect tests with hDF cells for the

different materials. DAC and SDAC samples showed

very low levels of cell viability, while cell number

markedly increased when the cells were cultured with

RSDAC extract.

The light microscopy images of adherent hDF

presented in Fig. 8 correlate with the cell viability

results displayed in Fig. 7a. Images show that only

cells cultured in RSDAC extracts adhere in great

number and present spread-like morphology, compa-

rable to the cell morphology observed in the negative

control. Cells cultured in extracts of DAC and SDAC

samples showed round-shape morphology, resembling

the cell images observed with the positive control.

At first, when looking at the morphology of the cells

cultured in SDAC extract it could be hypothesized that

a change in the ionic strength of the extract medium

may be the reason behind the poor cell viability.

However, no visible differences in color change

between the phenol red-containing medium extracts

of SDAC and RSDAC were observed.

In the case of the THP-1 monocytes, it was found

that the non-toxic characteristic of the RSDAC sample

previously described with the hDF cells could not be

confirmed with the monocyte cell line (Fig. 7b). An

increase in cell viability was observed with the

RSDAC extract compared with the non-reduced

Fig. 4 SEM images of: a unmodified Cladophora nanocellulose, b DAC and c SDAC showing the changes in morphology with the

chemical modifications. Images d–f show higher magnification images of the same materials where the pore structures can be observed
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sample SDAC but the values were below the toxicity

limit and statistically significantly different from the

negative control. The high surface area and pore

volume of the beads might be responsible for the

retention and lower availability of cell culture medium

proteins, amino acids and growth factors needed for

the proliferation of the non-adherent THP-1 cells,

while the anchorage-dependent fibroblasts are less

sensitive to such changes in the cell culture medium

composition.

Conclusions

A novel method to produce sulfonated micrometer-

sized porous beads from Cladophora nanocellulose

via facile and mild reactions was developed. The bead-

forming step of the method relies on periodate

oxidation, which leads to a convenient spontaneous

formation of spherical DAC particles in a one-pot

procedure. The spherical beads obtained had an

average diameter of 15 lm and a high surface area

in the range of 100 m2 g-1 and pore sizes between 20

and 60 nm, making them interesting candidates for

sorption materials. The cytotoxicity studies showed

Fig. 6 SEM images of the sulfonated beads: a SDAC (non-reduced), b RSDAC (reduced)
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Fig. 7 Cell viability cells cultured for 24 h in extracts of the

Cladophora nanocellulose modified samples. The negative

control was the extract medium of tissue culture plate while

the positive control was 5% DMSO in cell culture medium. Data

represent the mean ± SE of the mean. Cell viability values

above 70% indicate non-cytotoxic effects: a hDF cells, b THP-1

cells
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the need of reducing the remaining aldehyde groups in

order to modulate the indirect cytotoxicity of the

material. Studies regarding hemocompatibility should

be carried out to further investigate the potential of the

sulfonated beads in the development of non-thrombo-

genic immunosorbent platforms.
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