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Cellulose nanofibrils from sisal of typically 4–5 nm diameter and ca. 250 � 100 nm length are

reconstituted into thin films of ca. 6 mm thickness (or thicker freestanding films). Pure cellulose and

cellulose composite films are obtained in a solvent evaporation process. A boronic acid appended

dendrimer is embedded as a receptor in the nanofibrillar cellulose membrane. The number of boronic

acid binding sites is controlled by varying the dendrimer content. The electrochemical and

spectrophotometric properties of the nanocomposite membrane are investigated using the probe

molecule alizarin red S. Pure cellulose membranes inhibit access to the electrode. However, the

presence of boronic acid receptor sites allows accumulation of alizarin red S with a Langmuirian

binding constant of ca. 6000 � 1000 M�1. The 2-electron 2-proton reduction of immobilized alizarin

red S is shown to occur in a ca. 60 nm zone close to the electrode surface. With a boronic acid

dendrimer modified nanofibrillar cellulose composition of 96 wt% cellulose and 4 wt% boronic acid

dendrimer, the analytical range for alizarin red S in aqueous acetate buffer pH 3 is approximately 10

mM to 1 mM.
1. Introduction

Cellulose is an important natural raw material with a wide

range of technical applications. Due to its inherent structural

rigidity and high surface area1,2 cellulose has been employed in

liquid chromatography,3 partially permeable membranes,4 and

in dialysis.5 Cellulose can be derived from a variety of natural

sources such as cotton,6 bacteria,7 straw,8 and grass.9 Extraction

techniques such as acid hydrolysis10 and enzymatic processes11

allow cellulose raw materials to be converted into nanofibrillar

cellulose. There are several different polymorphs of cellulose

depending on its source and method of refinement. Most

natural celluloses can be digested from their hierarchical

structures into nanofibrils with a cellulose type-I crystal

structure.12 With ribbon shape and typical diameters of between

4 and 20 nm and with varying lengths often several hundred

nanometres long,13 these nanofibrils can be obtained and

stabilized in the form of colloidal aqueous solutions.10 The self-

assembly or reconstitution of these cellulose nanofibrils has

been of considerable recent interest with a view to mimicking or

superceding current cellulose architectures for application in

textiles, biocomposites, and sensors.14
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The selective absorption and detection of analytes at modified

electrode surfaces is an important area, for example, for the

development of selective sensors with low limits of detection.

Modified electrodes have been used to detect analytes including

DNA,15 dopamine,16 histamine,17 and glucose.18 We have

recently demonstrated the formation of cellulose composite

structures at electrode surfaces using components such as TiO2

nanoparticles19 or cationic binding ionomers.20,21 The inert and

biocompatible nature of the cellulose matrix makes it an ideal

material for sensing environmental and physiological analytes.

The introduction of anionic surface groups on the cellulose

nanoparticles results in a permselective film when deposited on

an electrode.20b The incorporation of ‘‘receptor sites’’ within the

cellulose matrix can add chemical selectivity. Here, the intro-

duction of boronic acid binding sites into the cellulose matrix is

investigated. The binding of boronic acid derivatives to various

diol, carbohydrate, or amino acid analytes is well known22 and

there are examples of a stereospecific receptor-like binding.23

Boronic acids have been suggested for in vivo sensing of D-glucose

and similar physiological analytes.24

In this study, a boronic acid appended dendrimer (PAMAM

generation 1) is employed embedded in cellulose nanofibrils.

Boronic acid modified electrodes are useful tools in electo-

analysis.25 Recent research in the area of the electro-co-deposi-

tion of phenylboronic acid with poly-aniline has yielded a novel

saccharide detector.26 Here, we demonstrate that the combi-

nation of a boronic acid dendrimer with nanofibrillar cellulose by

solvent evaporation with an aqueous casting solution produces

stable membranes for spectrophotometric or electrochemical

detection. The physical properties of the membranes are char-

acterized and binding to alizarin red S is used to determine

boronic acid site number and activity.
This journal is ª The Royal Society of Chemistry 2010



2. Experimental methods

2.1. Chemical reagents

Acetic acid, sodium acetate trihydrate, and alizarin red S were

obtained from Aldrich and used without further purification.

Cellulose nanofibrils 0.69 wt% solutions in water were prepared

from sisal following a literature procedure.10 Demineralized and

filtered water was taken from a Vivendi water purification system

(Vivendi, High Wycombe, Bucks) with a resistivity of not less

than 18 Mohm cm.
2.2. Instrumentation

For voltammetric studies a microAutolab II potentiostat system

(EcoChemie, NL) was employed with a Pt gauze counter

electrode and a saturated Calomel (SCE) reference electrode

(REF401, Radiometer, Copenhagen). The working electrode was

a 3 mm diameter glassy carbon electrode (BAS, US). Experi-

ments were conducted after de-aerating with high purity argon

(BOC) for at least 15 min prior to recording voltammograms.

The temperature during experiments was 20 � 2 �C.

UV-visible spectra were obtained using a VISionLite UV-vis

spectrometer over a wavelength range of 350–800 nm. For surface

topography imaging an atomic force microscope (Digital

Instruments Nanoscope III, used in contact mode) was employed.

A SAXS–WAXS (simultaneous small-angle X-ray scattering and

wide-angle X-ray scattering) pattern of cellulose membranes was

obtained on an Anton Paar SAXSess system using a PANalytical

PW3830 X-ray generator. The X-ray image plates were observed

using a Perkin Elmer Cyclone Storage Phosphor System. The

small-angle patterns were recorded with Cu Ka radiation

(l¼ 1.5406 Å) at 40 kV and 50 mA in the region of 2q from 5� to

25� with an exposure time of 45 min whilst simultaneous

recording small-angle patterns in the region of 0.2 Å to 100 Å.
Fig. 1 (A) Chemical structure of the boronic acid dendrimer 1. (B) The
1H NMR spectrum (300 MHz, d4-MeOD) for the isolated imine inter-

mediate. (C) The 1H NMR spectrum (300 MHz, d4-MeOD) for pure

dendrimer 1.
2.3. Synthesis of boronic acid dendrimer

Synthesis of boronic acid appended dendrimer: 200 mg, 0.14 mmol

(as 1.0 g of a 20 wt% solution in MeOH) of generation 1 PAMAM

dendrimer (ethylenediamine core, 8 amino surface groups), were

diluted in a further 10 mL dry methanol and stirred at 60 �C in the

presence of a 16-fold excess of 2-formylphenylboronic acid

(2.24 mmol, 360 mg) for 48 h under nitrogen gas atmosphere. The

solution was then cooled to 0 �C (ice/water bath) and NaBH4

(169 mg, 4.48 mmol) was added portion-wise under a stream of

nitrogen to the stirring mixture. The suspension was allowed to

warm to room temperature and stirred for a further 8 h. 2 M HCl

(aq) was slowly added until no further gas was evolved and the

solution was stirred for 2 h. The resulting crude material was

neutralized with NaOH (aq) and diluted further with water (5 mL)

and methanol (5 mL) and then passed through an ultrafiltration

membrane (MWCO 1000) at 62 psi nitrogen pressure in a Millipore

stirred cell. Further concentration with 2 � 5 mL 10% methanol

(aq) was performed using the same apparatus. The remaining

residue was retrieved by dissolving in methanol and subsequently

dried by evaporation at reduced pressure. Isolated yield of

colourless gum was 287 mg (82%).

dH (300 MHz, d4-MeOD) 7.33–7.31 (8H, m), 7.12–7.09 (16H,

m), 7.07–7.03 (8H, m), 3.96 (16H, s), 3.43 (16H, t, J¼ 6 Hz), 2.89
This journal is ª The Royal Society of Chemistry 2010
(16H, t, J¼ 6 Hz), 2.71–2.62 (24H, m), 2.46–2.44 (16H, m), 2.30–

2.21 (28H, m); dC (75.5 MHz, d4-MeOD) 178.5, 177.68, 145.6,

134.4, 131.4, 130.7, 127.0, 58.0, 56.4, 54.0, 41.5, 41.0, 37.7; dB

NMR (96.3 MHz, d-MeOD) 10.3. It is worth noting that boronic

acids are notoriously difficult to characterize. No suitable

elemental analysis can be obtained for dendrimer 1. This is a well

documented problem encountered with many boronic acid

compounds, where incomplete sample combustion gives

erroneous results.27 Mass spectral analysis is also difficult due

to dehydration and crosslinking of the boronic acid groups.

Proton NMR data are provided here in Fig. 1C to prove

dendrimer purity.

2.4. Formation of boronic acid dendrimer modified nanofibrillar

cellulose membranes

Nanocomposite membranes of boronic acid dendrimer and

cellulose nanofibrils were formed using a solvent casting
J. Mater. Chem., 2010, 20, 588–594 | 589



Fig. 2 AFM images for a 96 wt% cellulose nanofibril—4 wt% boronic

acid dendrimer membrane on a quartz glass substrate showing the

topography of individual nanofibrils packed into a dense layer.

Fig. 3 X-Ray scattering data for (i) nanofibrillar cellulose and (ii) for

boronic acid dendrimer modified nanofibrillar cellulose (reconstituted 96

wt% cellulose nanofibrils and 4 wt% boronic acid dendrimer). (A) Small-

angle scattering data. (B) A Guinier plot of the logarithm of intensity

versus the momentum transfer squared, Q2, giving approximate radii of

gyration of (i) RG¼ 11.4 nm and (ii) RG¼ 15.3 nm. (C) Wide-angle X-ray

scattering data.
technique. Boronic acid appended dendrimer was dissolved in

10 mL of methanol to give a 13.9 mg mL�1 solution. This solu-

tion (in appropriate amounts) was directly added to 1 mL

aqueous cellulose solution (0.69 wt% nanofibrils) and thoroughly

mixed. For example, 20 mL of the boronic acid dendrimer–

methanol solution were added to 1 mL of cellulose solution and

then vigorously agitated (by ultrasonication). A 5 mL volume of

this solution was placed on the surface of a clean glassy carbon

electrode and then dried in an oven at 60 �C for 1 h. This resulted

in a film with 4 wt% boronic acid dendrimer to 96 wt% cellulose

nanofibrils. Freestanding membranes were required for SAXS–

WAXS experiments. These membranes were prepared by placing

1 mL of deposition solution onto a flat Teflon substrate (area ca.

2 cm2), drying in an oven at 60 �C for 1 h, and peeling off the

resulting membrane from the Teflon surface with a pair of

tweezers. The membranes were then left to equilibrate at ambient

temperature and humidity before conducting experiments.

2.5. Immobilization of alizarin red S in boronic acid modified

nanofibrillar cellulose membranes

In order to bind alizarin red S into the modified cellulose films

samples were immersed into aqueous solutions of alizarin red

S in 0.1 M acetate buffer (pH adjusted from 3 to 7) for 30 min

followed by thorough rinsing with deionized water for 10 s and

drying in ambient conditions.

3. Results and discussion

3.1. Formation and characterization of boronic acid dendrimer

modified nanofibrillar cellulose membranes

Membranes of nanofibrillar cellulose are readily obtained by

evaporation of a nanocellulose sol in water on suitable

substrates.20 The cellulose nanofibrils are believed to crosslink via

hydrogen bridges thereby forming strong and durable network

membranes.20b It is possible to imbed reactive ionomer21 mole-

cules into these ‘‘reconstituted’’ cellulose membranes. In this

study, a dendrimer system with the ability to act as a receptor for

carbohydrates and catechols is used to functionalize cellulose

films. The functionalization procedure is simple. In contrast to

smaller molecular receptor systems with the ability to diffuse

within the cellulose matrix, the dendrimer becomes immobilized

into the cellulose nanofibril network.

Boronic acids are known to bind to polyols and carbo-

hydrates28 and they have been employed to provide functional

surfaces in chromatography29 e.g. for the separation of RNA.30

Here, boronic acid appended dendrimers (generation 1

PAMAM) are employed to modify cellulose membranes. These

modified cellulose membranes were formed in a solution

evaporation process (see Experimental) based on an aqueous sol.

The topography and thickness of membranes were examined

by atomic force microscopy (AFM) in tapping mode (see Fig. 2).

Membranes were deposited onto quartz glass substrates from

a 5 mL volume of aqueous solution of cellulose nanofibrils

(0.69 wt%) and boronic acid dendrimer (0.03 wt%) followed by

drying for 60 min in an oven at 60 �C (giving a film containing

96% cellulose and 4% boronic acid dendrimer, see Experimental).

Scratches were introduced using a scalpel in order to measure the

thickness of membranes (not shown). The profile of the scratch
590 | J. Mater. Chem., 2010, 20, 588–594
was compared at different locations on the membrane surface

yielding an average thickness of approximately 3 mm (for a ca.

5 mm diameter disc-shaped deposit) which suggests a typical

membrane volume of 6 � 10�11 m3 in 5 mL deposition solution

(the calculated membrane density is 0.6 g cm�3 compared to the

crystal density31 of cellulose 1.582 g cm�3). The membrane

topography (see Fig. 2) reveals poorly resolved cellulose nano-

fibrils with approximately 250 � 100 nm length. A 4–5 nm

diameter for these nanofibrils has been reported based on values

from TEM analysis.10
This journal is ª The Royal Society of Chemistry 2010



X-Ray scattering techniques offer a powerful probe into both

atomic and nanostructure of composite materials. Previous

studies of cellulose nanofibril materials have shown that the

nanofibrils have a ribbon morphology.32 Here, the morphologies

of both plain reconstituted cellulose nanofibrils and nano-

cellulose–boronic acid dendrimer composite membranes are

investigated with wide and small-angle X-ray scattering tech-

niques.

In Fig. 3A the small-angle X-ray scattering patterns are shown

for (i) a nanocellulose membrane and (ii) a nanocellulose–

boronic acid dendrimer modified membrane (96 wt% cellulose

and 4 wt% boronic acid dendrimer). An approximately linear

relationship between the scattering intensity, I, and the value of

the momentum transfer, Q (which is given by Q ¼ 4p/l sin (q)

where q is half the scattering angle), is observed. Upon the

introduction of boronic acid dendrimer into the cellulose

membrane, there is a marked change in the slope of the SAXS

pattern. Guinier analysis was applied to the experimental curves

for both membranes. The expression ln(I)¼ ln(I0)� (R2
G/3)�Q2

allows the radius of gyration, RG, to be estimated as

Rg(i) ¼ 11.4 nm and Rg(ii) ¼ 15.3 nm. The boronic acid den-

drimer is clearly opening up the structure, and consistent with the

approximate diameter of the spherical boronic acid dendrimer of

ca. 4 nm whereby the presence of one dendrimer unit binding the

cellulose nanofibrils together is confirmed. This result suggests an

attractive interaction between boronic acid dendrimer and

cellulose nanofibrils, although the nature of this interaction is

currently unclear.

In the wide-angle X-ray scattering pattern (see Fig. 3C),

characteristic cellulose type I crystal structure peaks are

observed.33 The data are consistent with scattering by the

cellulose-I polymorph,34 where the peaks occur at 14.8�

(scattering from the 1�10 diffraction plane), at 16.4� (110

diffraction plane), and at 22.6� (020 diffraction plane). The

additional peak found in the pattern at 20.6� (shoulder) could be

due to small amount of polymorph or native cellulose-Ia.35
Fig. 4 (A) UV-visible spectra of 50 mM alizarin red S in 0.1 M acetate

buffer at pH 3 (grey line, lmax z 420 nm) and at pH 7 (black line, lmax

z 520 nm). Also shown are spectra for a boronic acid dendrimer

modified nanofibrillar cellulose membrane soaked in 500 mM alizarin

red S with 0.1 M acetate buffer at pH 3 (grey dashed line) and at pH 7

(black dashed line) both with lmax ca. 455 nm. (B) UV-visible spectra

for a boronic acid dendrimer modified nanofibrillar cellulose films

soaked (i) 1000, (ii) 500, (iii) 100, (iv) 50 and (v) 10 mM alizarin red S in

0.1 M acetate buffer pH 3. (C) Langmuir plot of the UV-visible

absorption for membrane samples versus the concentration of alizarin

red S in the 0.1 M acetate buffer soaking solution for pH 3 and for pH

7. The lines show the expected behaviour for a Langmuirian binding

constant Kobs ¼ 6000 mol�1 dm3.
3.2. Spectrophotometric and voltammetric study of alizarin red

S binding into boronic acid dendrimer modified nanofibrillar

cellulose membranes

Alizarin red S (3,4-dihydroxy-9,10-dioxo-2-anthracenesulfonic

acid, sodium salt) is a common fluorescence probe36 and

analytical dye molecule.37 It is used here to quantify binding to

free boronic acids38 within the cellulose membrane. Alizarin red S

is a probe molecule with both spectrophotometric and electro-

chemical activity (in aqueous media a 2-electron 2-proton

reversible reduction occurs39).

The UV-visible spectrum of alizarin red S was measured to

determine the effect of binding into the boronic acid dendrimer

modified nanofibrillar cellulose membranes. First, the solution

phase absorbance was measured using solutions of 50 mM

alizarin red S in 0.1 M acetate buffer at pH 3 and at pH 7

(Fig. 4A). The pKa of alizarin red S40 for the first deprotonation

step is�4 (see eqn (1)) and this leads to a characteristic change in

colour from yellow to red. Therefore acetate buffer between pH 3

and pH 7 was employed to study this system. An absorbance

peak at a wavelength of ca. 420 nm can be seen for the solution

phase species at pH 3 with the maximum absorption wavelength
This journal is ª The Royal Society of Chemistry 2010
shifting to ca. 520 nm for alizarin red S at pH 7, consistent with

literature reports.41

(1)
J. Mater. Chem., 2010, 20, 588–594 | 591



Fig. 5 (A) Cyclic voltammograms (2nd scan shown) for the reduction

and oxidation of 1 mM alizarin red S in 0.1 M acetate buffer pH 3 at a 3

mm diameter glassy carbon electrode 3 at scan rates of (i) 500, (ii) 200,

(iii) 100 and (iv) 50 mV s�1. (B) Cyclic voltammograms (2nd scan shown,

100 mV s�1) for the oxidation and reduction of alizarin red S in a boronic

acid dendrimer modified cellulose nanofibril membrane at a glassy

carbon surface (immobilized by soaking in a 1 mM alizarin red S in 0.1 M

acetate buffer pH 3 for 30 min) reimmersed in clean 0.1 M acetate buffer

pH 3.
Next, alizarin red S was bound into the boronic acid dendrimer

modified nanofibrillar cellulose membrane. Films without and

with boronic acid were formed by drying 0.5 mL of precursor

solution on a 1 cm2 transparent quartz glass substrate. The

resulting membrane (thickness ca. 60 mm) was then immersed for

30 min in a solution of 500 mM alizarin red S in acetate buffer at

pH 3 (or at pH 7). After rinsing and drying the transmission

spectrum was recorded (see Fig. 4A). In the absence of the boronic

acid dendrimer no strong binding of alizarin red S occurred. In the

presence of the boronic acid dendrimer, a new absorption peak at

�455 nm is observed (see Fig. 4A) for both samples prepared at

pH 3 and at pH 7. These characteristic absorption peaks are

consistent with alizarin red S when bound to phenylboronic

acids.42 The minor shift in the wavelength of absorbance peaks for

samples obtained at pH 3 and at pH 7 may be due to local changes

in the chemical environment of the bound alizarin red S (see

Fig. 4A). The difference in boronic acid bound and free alizarin

red S clearly confirms binding via the boronic acid.

The binding of alizarin red S into the boronic acid dendrimer

modified nanofibrillar cellulose membrane was investigated as

a function of alizarin concentration (at pH 3 and at pH 7, see

Fig. 4B and C). Analysis based on Langmuirian binding sug-

gested a binding constant for alizarin red S of Kobs ¼ 6000 �
1000 M�1 very much consistent with literature reports on solu-

tion phase binding to boronic acids.43 Similar results are

obtained for binding at pH 3 and at pH 7. The binding of alizarin

red S to a boronic acid occurs via the catechol moiety42 (see eqn

(2)). Note that the methylamine functionality ortho to the

boronic acid (see structure in Fig. 1) further stabilizes the bound

state by protecting the boron from nucleophile attack.

(2)

Next, voltammetry was used to detect and monitor the diffu-

sion and binding of alizarin red S in the boronic acid dendrimer

modified nanofibrillar cellulose membranes. At a bare glassy

carbon electrode immersed in 1 mM alizarin red S in aqueous

0.1 M acetate buffer pH 3 an apparently well-defined chemically

reversible voltammetric response is observed with a midpoint

potential of ca. �0.37 V vs. SCE (see Fig. 5A). The reduction

of alizarin red S follows a 2-electron 2-proton mechanism44

(see eqn (3)).

(3)

Analysis of a plot of the logarithm of peak current versus the

logarithm of scan rate (not shown) suggests a square root

dependence on scan rate which suggests diffusion characteristics

typical for processes in aqueous solution. Next, a film of boronic

acid dendrimer modified nanofibrillar cellulose was applied to
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the glassy carbon electrode (thickness ca. 6 mm, ca. 96 wt%

cellulose and 4 wt% boronic acid dendrimer) and modified by

immersion into 1 mM alizarin red S in 0.1 M acetate buffer

(pH 3) for a period of 30 min. The electrode was rinsed with

deionized water and left to dry in ambient conditions before use

in voltammetric experiments.

Fig. 5B shows typical voltammetric responses for the alizarin

red S modified electrode immersed in 0.1 M acetate buffer pH 3.

A cathodic peak at�0.47 V vs. SCE (P10) is observed followed by

two anodic peaks (P20 and P3) at �0.32 and �0.17 V vs. SCE.

When recorded at different scan rates, the peak current (P10)

shows an approximately linear dependence on the scan rate

consistent with an immobilized redox system. The reduction and

re-oxidation process can be assigned to a 2-electron 2-proton

process (see eqn (4)) similar to that observed for alizarin red S in

solution. However, the process is confined to a small reaction

zone close to the electrode surface.

(4)

The appearance of two oxidation peaks (see Fig. 5B) suggests

that the reduction of the boronic acid bound alizarin red S is

causing two distinct forms of alizarin red S to form. Experiments

conducted over a range of scan rates (see Fig. 6A) confirm that

the ratio of the peak currents for both peaks, P20 and P3, remains

approximately constant. The peak response P20 is very similar

to the corresponding reduction peak for the free alizarin red S
This journal is ª The Royal Society of Chemistry 2010



(P2 in Fig. 5A) and therefore a disproportionation mechanism is

proposed. The formation of the reduced form of the boronic acid

bound alizarin red S (see eqn (4)) causes two new phenolic

binding sites for boronic acids to form. Rapid re-equilibration

will cause more strongly bound alizarin red S to form with 3 or

4 phenolic O–B bonds whereas some alizarin red S molecules will

be ‘‘freed’’ from the boronic acid binding. The oxidation of the

‘‘free’’ alizarin red S is assigned to process P20 whereas the

oxidation of the more strongly bound alizarin red S is assigned to

process P3. Alternatively, structural effects such as a change

from 1,2-diol binding to 1,3-diol binding could also contribute to

the observed peak splitting.

The effect of the number of boronic acid binding sites

incorporated into the nanofibrillar cellulose membrane may be

altered by changing the content of boronic acid dendrimer in the

casting solution. In Fig. 6B, as the amount of boronic acid

dendrimer present in the membrane is increased, the current

response of the membrane with immobilized alizarin red S also

increased. In order to quantify this effect, the charge under the

cathodic current response (P20) was plotted versus the weight

percentage of boronic acid dendrimer within the membranes (see

Fig. 6D). With no boronic acid dendrimer present, there is
Fig. 6 (A) Cyclic voltammograms (scan rate (i) 1000, (ii) 500, (iii) 200, (iv) 1

oxidation of alizarin red S (immobilized by immersion into 1 mM alizarin red

modified cellulose film electrode (96 wt% cellulose and 4 wt% boronic acid dend

(scan rate 100 mV s�1, 2nd scan shown) for the reduction and re-oxidation aliz

acetate buffer pH 3 for 30 min) at boronic acid dendrimer modified cellulos

dendrimer. (C) Cyclic voltammograms (scan rate 100 mV s�1, 2nd scan show

immersion into alizarin red S with a concentration of 10�5 to 5 � 10�2 M in 0.1

cellulose film electrode (96 wt% cellulose and 4 wt% boronic acid dendrimer)

reduction of alizarin red S when immobilized into boronic acid dendrimer m

isotherm plot for the charge under the alizarin red S reduction peak versus the c

The lines indicate the expected behaviour for a binding constant K ¼ 6000 �
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a residual voltammetric response due to alizarin red S physically

retained in the membrane. Upon the introduction of boronic acid

dendrimer the charge under the peak increases steadily until the

boronic acid dendrimer content reaches ca. 8 wt%. In this

composition range the voltammetric response is dominated by

the boronic acid bound alizarin red S. For a membrane with

4 wt% boronic acid dendrimer content, a charge of �7 mC was

measured which equates to an amount of alizarin red S of ca.

40 pmol detectable in the membrane. This compares to an

expected charge of 1 mC calculated based on the available

boronic acid binding sites in the 6 mm thick film (for a ca. 3.5 mm

diameter disc-shaped deposit). Therefore only about 1% of the

cellulose film (ca. 60 nm very close to the electrode surface) is

electrochemically active. The likely reason for this low level of

activity is a poor charge carrier mobility (neighboring alizarin

red S molecules are not able to pass on the charge).

For a boronic acid dendrimer content of higher than �8 wt%

the nanocomposite film becomes mechanically unstable and

deterioration during voltammetric experiments is observed.

Therefore, for all further voltammetric experiments a 4 wt%

boronic acid dendrimer content was employed. The binding

constant for the alizarin red S by the membrane, Kobs, was
00, (v) 50, and (vi) 20 mV s�1, 2nd scan shown) for the reduction and re-

S in 0.1 M acetate buffer pH 3 for 30 min) at a boronic acid dendrimer

rimer) immersed in 0.1 M acetate buffer pH 3. (B) Cyclic voltammograms

arin red S (immobilized by immersion into 1 mM alizarin red S in 0.1 M

e film electrodes with (i) 8 wt%, (ii) 4 wt% and (iii) 0 wt% boronic acid

n) for the reduction and re-oxidation of alizarin red S (immobilized by

M acetate buffer pH 3 for 30 min) at a boronic acid dendrimer modified

immersed in 0.1 M acetate buffer pH 3. (D) Plot of the charge under the

odified cellulose versus boronic acid dendrimer content. (E) Langmuir

oncentration of alizarin red S during immobilization at pH 3 and at pH 7.

1000 mol�1 dm3.
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determined in acetate buffer at pH 3 and at pH 7. The

concentration of alizarin red S was varied between 10 mM and up

to 50 mM (reaching the solubility limit). The charge under the

reduction peak was plotted versus the alizarin red S concent-

ration used during immobilization (see Fig. 6E). Assuming

Langmuirian binding characteristics, the binding constant for

alizarin red S in the membrane was obtained as Kobs ¼ 6000 �
1000 M�1 consistent with spectrophotometric measurements

(vide supra). The effect of the pH on the binding constant appears

to be insignificant. The difference in the magnitude of the charge

under the reduction peak at pH 3 and at pH 7 can be explained

for example with different charge carrier mobility for immobi-

lized alizarin red S (see eqn (1)).

4. Conclusions

Boronic acid dendrimer modified nanofibrillar cellulose

membranes are stable for less than 8 wt% boronic acid dendrimer

content. Boronic acid binding sites introduced into the film

remain immobile due to the dendrimer structure and they allow

alizarin red S absorption which was followed by both spectro-

photometry and voltammetry. A Langmuir-type binding

isotherm was observed with K ¼ 6000 � 1000 M�1 and with

a linear alizarin red S detection range of ca. 10 mM to 1 mM.
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