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ABSTRACT

In this work, the ConBr lectin was non-covalently immobilized onto hydrochar

(HC). This carbonaceous material was produced by the hydrothermal car-

bonization of glucose and then put to interact with the lectin, aiming to

immobilize the biomolecule via electrostatic interactions. Samples obtained after

the interaction were characterized by CHNS elemental analysis, scanning elec-

tron microscopy and Fourier transform infrared spectroscopy (FTIR). FTIR

results from the conjugated sample identified the presence of NH2
? and NH3

?

groups of the protein and COO- groups of the HC, indicating the occurrence of

electrostatic interaction between the biomolecule and the support. Furthermore,

the immobilization experiment was also performed using ConBr lectin marked

with fluorescein isothiocyanate to assess the immobilization on the hydrochar

using fluorescence emission analysis. Hemagglutination tests revealed that even

after the conjugation with the HC, the agglutinating property of lectin toward

erythrocytes (red blood cells) was preserved. Finally, our results indicate that

non-covalent interactions represent an efficient mechanism for protein immo-

bilization on the HC while maintaining the protein structure and its biological

activity.
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Introduction

Immobilization of biomolecules on materials and

particles is a fundamental and highly used process in

biomedicine and biotechnology, especially for the

construction of biodevices and biocatalysts. For some

biomolecules such as enzymes, it is a useful alterna-

tive to overcome issues like stability, manipulation

and processing [1, 2]. On the other hand, for sub-

strates, such as carbon nanotubes, the surface modi-

fication with a protein can improve its dispersion in

water and promote reduction in its cytotoxicity [3, 4].

However, the preservation of the fundamental

properties of both substrate and biomolecule during

the immobilization/conjugation is still a challenge,

considering that structural and stereochemical mod-

ifications of the biomolecule as well as the agglom-

eration of the substrate (if particulate) are possible.

In this sense, different immobilization approaches

involving covalent and non-covalent interactions

(hydrogen bonds, electrostatic and hydrophobic

interactions, among others) can be used [2, 5].

Immobilization by covalent bonding has the advan-

tage of reducing both instability and the possibility of

components leaching from the generated system

[2, 5]. However, this methodology usually requires

modifications to the material surface, in order to

generate functional groups which allow the forma-

tion of chemical bonds with the target molecule, and

also experimental conditions that might affect struc-

ture and properties of the biomolecule and/or sub-

strate [6]. In contrast, immobilization of active species

through non-covalent interactions is a simple and

cost-effective process comprising short-range

stable interactions formed between the support (ad-

sorbent) and the molecule of interest (adsorbate).

Such interactions can occur themselves in a straight-

forward way in aqueous-based media with little

impact on the biomolecule properties.

In biotechnological applications, a myriad of sur-

face-immobilized biomolecules have been explored

in the context of biocatalysis, biosensors and envi-

ronmental remediation [6–11]. Among them, proteins

catalyze and regulate numerous cellular processes

and fundamental functions. Within this group, lectins

are proteins of non-immune origin that can recognize

and bind specific carbohydrate structures [12]. These

proteins are found in animals and microorganisms,

acting mainly in biological events of recognition, and

in plants, mostly acting in defensive functions

[13, 14]. ConBr is a D-glucose- and D-mannose-specific

lectin isolated from Canavalia brasiliensis (Brazilian

jackbean) seeds that present an agglutinating prop-

erty toward erythrocytes (red blood cells). Addi-

tionally, ConBr presents various biological effects

such as induction of paw edema in rats [15], in vitro

stimulation of human lymphocytes [16], antidepres-

sant effect in rats [17], neuroprotective effect [18] and

antiproliferative effect in B16F10 cells [19].

In regard to substrates, carbon materials are

attractive alternatives as biomolecule supports. The

abundance of carbon in nature allows carbonaceous

materials to be produced from different carbon

sources and by different synthesis techniques, which

result in materials possessing unique and tunable

physical–chemical properties. Carbon nanotubes [20],

graphene [21] and carbon quantum dots [22] are the

most explored nanocarbons in studies of interaction

with biomolecules and for biomedical and biotech-

nological applications. However, aspects regarding

cost/yield and the morphological homogeneity of

these nanocarbons must be considered. Differently,

hydrothermal carbon (HC) has been little explored in

biotechnology. It is obtained by hydrothermal car-

bonization, a simple, low cost, easy to scale up and

environmental friendly method. In addition, there is

the possibility of using biomass, biomass residues

and carbohydrates as the carbon precursors [23–25].

Hydrothermal carbonization is performed in a closed

reactor (autoclave) under mild temperatures

(130–350 �C)withautogenicpressure, thusallowing the

direct preparation of carbonaceous materials in a size

range of a few micrometers and with a relatively high

yield [26]. Reaction parameters and the carbon source

used are factors that influence HC physical–chemical

properties [25, 27, 28]. Hydrothermal carbon obtained

from carbohydrates, for instance, exhibits characteristic

morphology of dense spheres,whichmakes it attractive

for environmental applications, such as adsorbents (for

carbon dioxide, methane and hydrogen), catalysis and

energy storage [25, 26]. In suchapplications, the spheres

are usually activated via thermal treatments and func-

tionalization. The as-preparedHCs have a high density

of oxygenated functional groups on their surface (e.g.,

carboxylic acids, esters, ketones) [25, 26] and can be

promising supports for biomolecule immobilization,

since such surface chemical groups can act as anchoring

and/or interaction sites for biomolecules.
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In this work, ConBr lectin was used as a model

biomolecule for accessing the support properties of

hydrothermal carbon through non-covalent interac-

tions. The substrate was prepared by hydrothermal

carbonization of glucose and used without further

modifications. After the interaction between lectin

and the HC, the effectiveness of the method was

tested regarding the immobilization of the biomole-

cule and, also, the maintenance of its biological

function by exploring the hemagglutination activity

of immobilized lectin.

Materials and methods

Materials

Materials were purchased from Sigma Aldrich, LGC

Biotecnologia and Dinâmica and were used as

received, without further treatment. All solutions

were prepared using ultrapure water.

Preparation of hydrothermal carbon (HC)

HC was prepared by hydrothermal carbonization of

4.0 g of glucose [D(?)glucose anhydrous] dissolved in

35.0 mL of water. The resulting homogeneous solu-

tion was transferred to a Teflon cup (60 mL of

capacity), which was inserted in a stainless steel

autoclave. The reactor was submitted to heating at

180 ± 5 �C in muffle furnace for 24 h. After this

period, the reactor was cooled in an ice bath. The

solid portion (HC) was separated by vacuum filtra-

tion using polyvinylidene fluoride (PVDF) membrane

of pore size 0.22 lm. In the following, HC was

washed thoroughly with ultrapure water and dried

at 70 �C.

Preparation of ConBr lectin

Canavalia brasiliensis seeds were collected in the state

of Ceará, Brazil, peeled and ground in a mill until a

fine powder was obtained. The soluble proteins were

extracted by suspension in NaCl 0.15 mol/L, CaCl2
and MnCl2 0.005 mmol/L solution [1:10 (m:v)],

under constant agitation for 4 h at room temperature.

The extract was centrifuged at 100009g for 20 min at

4 �C, and supernatant (total extract) was put into

Sephadex� G-50 affinity column (1.3 9 19 cm), pre-

viously equilibrated with NaCl 0.15 mol/L, CaCl2

and MnCl2 0.005 mmol/L. Unbound material was

eluted with the same solution, and lectin was eluted

with D-glucose solution 0.1 mol/L [29]. The eluates

collected in fractions of 3.6 mL were monitored by

spectrophotometry at 280 nm and used for the

determination of hemagglutination activity [30] and

total protein content according to the protocol

described by Bradford [31]. The fractions were dia-

lyzed and lyophilized, and the homogeneity of the

lectin was monitored using SDS-PAGE. The pure

protein was used in posterior tests.

Preparation of ConBr lectin with fluorescein
isothiocyanate (FITC)

ConBr was dissolved in a sodium bicarbonate buffer

(0.1 mol/L, pH 9.0) at concentration of 5.0 mg/mL

and incubated with its specific sugar methyl-a-D-
mannopyranoside (0.1 mol/L) to block the carbohy-

drate recognition domain (CRD). After that, 62.5 lL
of FITC was added to the solution containing the

lectin with CRD blocked (1.0 mg/mL). Shielded from

light, the lectin–sugar–FITC solution was submitted

to mild agitation for 2 h. Lectin–sugar–FITC and

unconjugated FITC were separated by molecular

exclusion chromatography in a PD-100TM column.

The material was eluted with sodium phosphate

buffer 0.01 mol/L pH 7.4, containing KCl 0.027 mol/

L and NaCl 0.138 mol/L. Aliquots of 1 mL were

collected and analyzed in spectrophotometer at 280

and 495 nm. Collected fractions (absorbance values

higher than 0.400) were submitted to dialysis against

ultrapure water and then lyophilized.

Immobilization of ConBr lectin on HC

In order to promote lectin immobilization, HC and

ConBr lectin were dispersed separately at 1 mg/mL

in a 2-(N-morpholino)ethanesulfonic acid (MES)

buffer 0.1 mol/L (pH 5.5). HC was dispersed using

an ultrasound bath, and lectin was dissolved using a

shaker. An HC dispersion (10 mL) was added to a

lectin solution (16 mL) under agitation, and the sys-

tem was kept under agitation for 17 h. After said time

period, the sample generated was centrifuged at

10009g in 5 min stages at room temperature and

washed six times (10 mL each) using an MES buffer

0.05 mol/L (pH 6.5) and isolated by centrifugation at

10009g in 10 min stages. The (HC–ConBr) sample

generated was dried under vacuum at room
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temperature until constant weight. The pH of an MES

buffer was adjusted using NaOH 3 mol/L. The same

procedures were also used to immobilize ConBr

marked with FITC.

Evaluation of hemagglutination activity
of ConBr lectin immobilized on HC

Hemagglutination activity was investigated by pro-

moting contact between HC–ConBr and rabbit ery-

throcytes (an adult animal kept in a bioterium)

treated with trypsin and using the methodology

described by Ainouz et al. [32]. For the assays, sam-

ples were dispersed in a Tris–HCl buffer 0.05 mol/L

(pH 7.6) containing NaCl 0.15 mol/L and then put in

contact with treated erythrocytes for 30 min in an

incubator at 37 �C and 30 min on the bench at room

temperature. Assays were also performed using pure

ConBr (positive control), pure HC and MES buffer

(negative controls). To evaluate if the CRD of the

lectin is responsible for the hemagglutinating activity,

a hemagglutination inhibition assay was performed

after incubating HC–ConBr with its specific carbo-

hydrate, methyl-a-D-mannopyranoside, at 0.1 mol/L

at 37 �C for 30 min.

Characterization

Morphology of the samples was investigated using

scanning electron microscopy (SEM, Quanta450 FEG

microscope, from FEI, 10–20 kV) and transmission

electron microscopy (TEM, Tecnai20 microscope,

from FEI). For SEM images, the samples (HC and

HC–ConBr) were pulverized on carbon tape attached

to Al stub or dropping an aqueous suspension of HC

on Al stub and letting the water evaporate at room

temperature. For TEM images, the samples were

prepared by dropping an aqueous suspension of HC

on a formvar-coated copper grid and also letting the

water evaporate at room temperature. Quantification

of carbon, hydrogen, nitrogen and sulfur contents in

samples was obtained using CHNS elemental analy-

sis (elemental analyzer from Fisons, model EA 1108

CHNS-O). The results were used for determining

oxygen content in samples using the expression

[100% - (wt%C ? wt%H ? wt%N ? wt%S)].

Chemical structure of the samples was analyzed

using Fourier transform infrared spectroscopy (FTIR,

Vertex 70v spectrometer, from Bruker). Vibrational

spectra were obtained using attenuated total reflec-

tion (ATR), with the platinum ATR accessory (Bru-

ker) which contains a single reflection diamond

crystal. Spectra were obtained under vacuum, in the

mid-infrared region (4000–400 cm-1) with 2 cm-1

resolution. Bands in the region between 1800 and

1480 cm-1 of the HC, ConBr and HC–ConBr spectra

were analyzed by deconvolution, using Fityk open-

source software version 0.9.8. Deconvolution was

performed without baseline correction and using a

Gaussian function. The hydrodynamic diameter and

zeta potential (f) were obtained using dynamic light

scattering (DLS) and electrophoretic light scattering

(ELS), respectively (Zetasizer Nano ZS, from Mal-

vern, He–Ne laser with 633 nm wavelength). Fluo-

rescence emission of samples was evaluated using

confocal scanning laser microscopy (LSM 710 micro-

scope, from Zeiss, argon excitation laser of 488 nm).

The emission was captured from 493 to 610 nm. Light

microscopy images used to evaluate the erythrocyte

agglutination were obtained using Eclipse 80i

microscope from Nikon.

Results and discussion

To evaluate HC as a support for biomolecules, its

morphological, compositional, structural and surface

properties were characterized. Morphological aspects

were analyzed by SEM and TEM images, as shown in

Fig. 1a, b, respectively. The images show that

hydrothermal carbon obtained by carbonization of

glucose is formed by dense spherical-like particles,

either isolated or coalesced in aggregates. Average

particle diameter measured using micrographs was

around 950 nm (Fig. S1). Additionally, the average

hydrodynamic diameter of the particles was evalu-

ated by DLS and it was also around 950 nm (Fig. S2),

thus converging with that obtained by SEM. How-

ever, as shown in DLS analysis and SEM images,

particles from approximately 200 nm–4 lm can be

observed in HC sample.

The HC composition was determined by CHNS

elemental analysis. The hydrochar is composed of

carbon (65.01%), hydrogen (4.51%) and oxygen

(30.48%) (Table 1). ELS analysis has shown that zeta

potential (f) of HC is negative (-49.5 mV), indicating

partial deprotonation of superficial oxygenated

groups such as carboxylic acids when the
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carbonaceous material is in the MES buffer 0.1 mol/L

(pH 5.5) at 1.0 mg/mL (Table 1).

In the FTIR spectrum for HC (Fig. 2a), intense and

broad bands are seen with maxima at 3396, 1701 and

1298 cm-1. Such bands are characteristic of O–H,

C=O and C–O stretching modes in carboxylic acid,

respectively [24, 27, 33–36]. There are also bands at

1609 and 1509 cm-1, corresponding mainly to C=C

vibrations in aromatic moieties [24, 27, 33–36]. Since

carbonyl is a functional group that has vibration

modes which are very sensitive to surface chemical

modifications, a more detailed assessment was per-

formed by deconvolution of the bands in the region

between 1800 and 1480 cm-1 [37].

Deconvolution of the bands in the focused region of

the HC spectrum (Fig. 2c) reveals modes at 1747, 1709

and 1679 cm-1. The first component is typical of the

carbonyl vibrations in ester, lactone, ketone and qui-

none, and the secondand third are typical of carboxylic

acid [27, 33–37]. Esters and ketones in the structure of

HC from glucose were also found in others studies

usingX-ray photoelectron spectroscopy (XPS) [24] and

Figure 1 Morphological characterization. a SEM and b TEM images of the HC sample and SEM (c, d) images of the HC–ConBr sample.

Table 1 Carbon, hydrogen, nitrogen, sulfur and oxygen contents obtained by CHNS elemental analysis and also average hydrodynamic

diameter and zeta potential measured by DLS and ELS, respectively

Samples C (wt%) H (wt%) Ob (wt%) N (wt%) S (wt%) Molar ratio (N/S) Average hydrodynamic

diameter (nm)

Zeta potential

(mV)

HC 65.01 4.51 30.48 0 0 – 950.6 -49.5

ConBra 53.55 6.96 22.53 16.71 0.25 152.95 – ?6.53

MESa 36.91 6.71 32.78 7.17 16.42 1.00 – –

HC–ConBr 59.64 4.98 30.03 3.95 1.40 6.41 – –

a Carbon, hydrogen, nitrogen and sulfur contents for ConBr and MES calculated using following expression: wt% of element = [mass of

the element in the molecule/molar mass of molecule] 9 100%
bOxygen contents for all the samples were calculated using the following expression: wt%O = [100% - (wt%C ? wt%H ? wt%N ? wt%S)]
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nuclear magnetic resonance spectroscopy (NMR) [28],

respectively. The modes at 1607 and 1511 cm-1 are

attributed to C=C stretches, and the component at

1566 cm-1 can be assigned to carboxylate ions.

Structurally, lectin is composed of identical sub-

units containing 237 amino acids with approximately

25 kDa each [14, 29, 38, 39]. The lectin can acquire

dimeric or tetrameric conformations according to pH,

being the equilibrium dislocated to tetrameric form

(Fig. S3) in the pH 5.5 in which adsorption experi-

ments were performed [38, 40, 41]. In the tetrameric

form, ConBr has a diameter of about 4 nm [39].

Finally, it must also be considered that the equilib-

rium might be altered by the presence of the hydro-

char, since this latter can lead to changes in pH

mainly due to the presence of carboxylic acids on the

HC surface. However, with the use of the MES buffer,

this effect was prevented. ELS analysis of lectin sol-

ubilized in MES buffer 0.1 mol/L (pH = 5.5) at

1.0 mg/mL showed an average zeta potential value

of ?6.53 mV (Table 1). This value is explained by the

fact that the lectin possesses a theoretical isoelectric

point at pH 5.84 [39]. In order to compare the struc-

tures of the hydrothermal carbon and the lectin, the

CHNS elemental composition of the latter was cal-

culated, using its chemical formula (C1140H1765N305-

O360S2) as a starting parameter. These results are

described in Table 1, along with the N/S molar ratio.

In the FTIR spectrum of ConBr (Fig. 2a) intense

bands can be seen with maxima at 3329, 1630 and

1517 cm-1, which are characteristic of N–H, C=O

stretching modes and N–H deformations in amides,

respectively [35, 42, 43]. For proteins, it is known that

the band located in the region between 1700 and

1600 cm-1 has 80% of its intensity attributed to car-

bonyl stretching while the other 20% can be assigned

to C–N, C–C–N and N–H vibrations [42, 43]. In

addition, this band is very sensitive to the secondary

structure of these biomolecules and results from

those vibrations which originated from amino acid

main chains (peptide bond) and also from side

chains.

Figure 2 Structural characterization by FTIR. a Spectra of HC,

ConBr, MES and HC–ConBr. b The same region shown by the red

outline in image a is magnified. Deconvolution of the bands in the

region between 1800 and 1480 cm-1 of FTIR spectra correspond-

ing to c HC; d ConBr; and e HC–ConBr.
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Deconvolution of the bands in the region between

1800 and 1480 cm-1 (Fig. 2d) makes it possible to find

modes centered at 1689 and 1610 cm-1, which can

contain contribution of symmetric and asymmetric

stretching modes of CN3H5
? in arginine [42]. It is also

possible to identify the components at 1629 and

1538 cm-1. The first one can contain contributions of

symmetric stretching of N–H in the NH3
? of lysine

and of C=O stretching in amides [42]. The second can

also have contribution of asymmetric stretching of N–

H in the NH3
? of lysine. In the ConBr structure,

lysine and arginine are side chain amino acids

(Fig. S3) and, by being positively charged, could

potentially be available for interaction with carboxy-

lates present on the surface of the HC via electrostatic

interaction.

The FTIR spectrum of the MES (C6H13NO4S) buffer

was also investigated, since the adsorption experi-

ments used for interacting protein and HC and, also,

the washing process of the final sample (HC–ConBr)

were performed using this buffer. In Table 1, the

calculated CHNS elemental composition and N/S

molar ratio for MES are described. Additionally,

Fig. 2a presents FTIR spectrum of the solid buffer, in

which it can be observed two low intensity bands at

1656 and 1638 cm-1. Due to this spectral profile for

MES, there is little influence from the buffer in the

region between 1800 and 1600 cm-1 analyzed for the

HC protein sample even if it is still present in the

final product (after washing). Thus, the focused

spectral region may be used to access the lectin–hy-

drothermal carbon interactions and also to investi-

gate changes in bands of the support and the protein

due to interactions.

The HC–ConBr conjugate was also assessed on its

morphological, compositional and structural aspects

and on the properties of the immobilized protein.

SEM images (Fig. 1c, d) show that the morphology of

the particles and aggregates was not changed by the

interaction with the lectin. On the other hand, CHNS

elemental analysis of HC–ConBr suggests the

immobilization of the lectin on the surface of the

hydrothermal carbon, since the analysis revealed the

presence of nitrogen (3.95%) and sulfur (1.40%), ele-

ments that are absent in the composition of the HC.

The conjugate also has in its composition C (59.64%),

H (4.98%) and O (30.03%) (Table 1). Although nitro-

gen and sulfur could be present in the sample after

drying due to crystallization of MES buffer presents

in the interparticle pores, analysis of the N/S molar

ratio in HC–ConBr (Table 1) also suggests that the

lectin is supported on the hydrothermal carbon. The

N/S molar ratio (6.41) of the sample is inferior to that

of the isolated lectin, but superior to that obtained for

MES. Therefore, nitrogen and sulfur present in the

sample are not from the buffer alone, but also from

the immobilized lectin. It is also worth mentioning

that the MES buffer would not affect the protein–

hydrochar interaction as shown by other studies

involving the interactions occurring at the bio–nano

interface of several nanoparticles and nanostructures

[44, 45]. In other words, with the information in the

current literature, we can assume that it is very

unlikely that MES adsorb on the hydrochar surface to

an extent that can prevent further lectin adsorption.

The FTIR spectrum of HC–ConBr shows some dif-

ferences if comparedwith spectra of theHCandConBr

(Fig. 2a). For example, a shift in the maximum inten-

sity of the large band between 3690 and 3000 cm-1 can

be observed, if compared with the same region in the

HC spectrum (from 3405 to 3366 cm-1). This shift

indicates that, in the HC–ConBr spectrum, there is an

overlap of the bands corresponding to O–H vibrations

in ConBr, HC and MES and N–H in ConBr. The con-

tribution of MES to the HC–ConBr spectrum and its

presence in the sample is supported by analysis of the

bands in lower wavenumbers (between 1400 and

400 cm-1). In this region, the typical bands of crystal-

ized MES can be seen. In the region between 1800 and

1480 cm-1 (Fig. 2b), spectral alterations are evident

through expansion of the region highlighted by the red

rectangle in Fig. 2a. From the vertical dashed red lines,

it can be seen that the spectrum of the sample HC–

ConBr is a combination of the spectra corresponding to

HC and toConBr (Fig. 2b). First, a band corresponding

to that of carbonyl in carboxylic acids in the HC spec-

trum can be identified. The difference in line profile

and a small shift toward smaller wavenumbers

between the maximum of the two bands suggests that

the interaction with the lectin occurred between these

functional groups. The spectral region between 1645

and 1580 cm-1 also possesses bands centered at

1630 cm-1 attributed to ConBr and at 1609 cm-1

assigned to HC. The band with a maximum at

1516 cm-1 seems to correspond to the band at

1509 cm-1 in theHC spectrumwith some contribution

of the band at 1517 cm-1 in the ConBr spectrum.

The arrows in Fig. 2b point to differences in line

profile related to the same regions in the HC spec-

trum. Looking in detail at the deconvolution of the
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bands between 1800 and 1480 cm-1 in the HC–ConBr

spectrum (Fig. 2e), the spectral line elevation is

caused by the overlap of the bands present in the HC

and ConBr spectra. The elevation indicated by the

downward arrow might result from the combination

of the components centered at 1676, 1632 and

1617 cm-1, while that indicated by the upward arrow

would be resulting from the component at

1550 cm-1. The component at 1676 cm-1 corresponds

to that at 1679 cm-1, estimated by deconvolution of

HC (Fig. 2c). The component at 1632 cm-1 in the HC–

ConBr spectrum corresponds to that centered at

1629 cm-1 in the deconvolution of ConBr (Fig. 2d).

The width of the component at 1617 cm-1 suggests

that it results from the sum of the components cen-

tered at 1607 cm-1 in the deconvolution of HC

(Fig. 2c), and those centered at 1610 cm-1 in the

deconvolution of ConBr (Fig. 2d). The large compo-

nent at 1550 cm-1 is possibly formed by the contri-

bution of the components at 1566 cm-1 in the

deconvolution of HC (Fig. 2c), and at 1555 and

1538 cm-1 in the deconvolution of ConBr (Fig. 2d).

It is worth mentioning that the components at 1632,

1617 and 1550 cm-1 are located in the vibration interval

of primary (NH3
?) and secondary (NH2

?) amine salts

and also of C=O stretching of carboxyl ion (Fig. 2e)

[35, 36]. Such attributions combined with the differ-

ences in line profile observed in the spectra of HC–

ConBr, HC and ConBr indicate that lectin was immo-

bilized on the support by electrostatic interaction.

Even though the immobilization of the ConBr on

the HC occurred to some extent from electrostatic

forces, other interactions could also account for the

protein attachment and stabilization [46, 47]. The

hydrochar used in this work was obtained after 24 h

of reaction, and hydrothermal carbonization gener-

ates carbonaceous materials through cascade pro-

cesses, for which the major one is dehydration

[23–25, 27, 28, 48]. Therefore, reaction time influences

the amount of oxygenated groups present on the

surface of the HC, so that the longer the reaction time,

the more oxygenated groups could be lost to the

reaction medium. Such a fact could lead to the for-

mation of more hydrophobic aromatic domains. It is

also known that reaction time also influences HC

particle size, promoting the formation of larger par-

ticles and aggregates at longer reaction times

[27, 48, 49]. This means that larger particles have less

oxygenated functional groups on their surface and

more aromatic (hydrophobic) regions available [27].

In the case of the HC used in this work, a large

reaction time could favor the formation of large

particles with a non-homogenous distribution of

oxygenated functional groups and, thus, with

hydrophobic regions on the surface that might con-

tribute to the interaction with the lectin. Then, it

would be possible the interaction between these

regions of the hydrothermal carbon and the central

part of the tetrameric structure of the protein that is

also hydrophobic. The occurrence of hydrophobic

interactions in the HC–ConBr system is supported by

the work of Perry and Puddu [46], who confirmed the

manifestation of these interactions between neutral

and negatively or positively charged peptides with

different amino acid sequences and silica nanoparti-

cles, which have negatively charged surfaces. Thus,

other types of non-covalent interactions could be

established in the lectin–HC interaction besides that

of electrostatic attraction.

To demonstrate the immobilization of the protein on

the hydrothermal carbon, an adsorption experiment

using ConBr marked with FITC (ConBr–FITC) was

performed. This sample was analyzed by confocal

scanning lasermicroscopy. In Fig. 3a, it can be seen that

ConBr–FITC has green fluorescence emission that can

also be verified in HC–ConBr–FITC sample (Fig. 3b).

Since pureHC orMES buffer does not have any type of

fluorescent emission (Fig. S4) and the fluorescent mar-

ker is covalently bound to the lectin, the green color

observed in the emission of the sample HC–ConBr–

FITC indicates the presence of the immobilized protein

on the surface of the hydrothermal carbon.

In order to evaluate the activity of the protein

immobilized on the hydrothermal carbon, hemag-

glutination assays were performed. Light microscopy

images presented in Fig. 4a, b show assays per-

formed for ConBr (positive control) and HC (negative

control), respectively. The controls of pure erythro-

cytes in Tris–HCl and MES buffer are shown in

Fig. S5. In Fig. 4a, the formation of clots is seen,

whose formation is a characteristic property of

ConBr. In Fig. 4b, there is no sign of erythrocyte

agglutination. What can be seen instead is the HC

forming agglomerates among the erythrocytes, with

no signs of coagulation. In Fig. 4c, it can be seen that

HC–ConBr has the ability to agglutinate erythrocytes

and the image shows different sized clots distributed

over the slide. Dark points in the interior and edges

of clots indicate the presence of HC and reinforce the

hypothesis that the lectin is adsorbed onto the surface
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of the carbonaceous material, since pure HC does not

interact with erythrocytes. The agglutination inhibi-

tion assay (Fig. 4d) confirms that the hemagglutina-

tion activity observed in HC–ConBr is due to the

presence of the lectin. After exposure of the sample to

methyl-a-D-mannopyranoside, it does not interact

with erythrocytes due to a ‘‘blockage’’ of its CRD by

the sugar, and hence, there is no formation of clots.

Conclusions

Results obtained in this work suggest that HC can be

used as a support to immobilize biomolecules (e.g.,

ConBr lectin), in a manner that the protein preserves

its properties. The analysis of primary and secondary

amines and carboxylic acid groups in the FTIR

spectra indicates that the interaction between HC and

Figure 3 Fluorescence emission analysis by confocal scanning laser microscopy. a ConBr–FITC and b HC–ConBr–FITC.

Figure 4 Evaluation of hemagglutination activity assays by light microscopy. a ConBr, b HC, c HC–ConBr and d inhibition of

hemagglutination activity of HC–ConBr with methyl-a-D-mannopyranoside.
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ConBr occurs mainly via electrostatic interactions.

However, the possibility of hydrophobic interactions

could not be discarded. In addition, the ConBr

hemagglutination activity (toward red blood cells)

was preserved after its immobilization. Finally, the

non-covalent method used here constitutes a simple,

inexpensive and effective way of immobilizing pro-

teins on HC.
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