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Abstract

The envisaged ubiquitous sensing and biosensingaioed applications has motivated
materials development toward low cost, biocompatiplatforms. In this paper, we

demonstrate that carbon nanodiamonds (NDs) camikioed with potato starch (PS)
and be deposited on a glassy carbon electrode (GCte form of a homogeneous,
rough film, with electroanalytical performance tdnby varying the relative ND-PS

concentration. As a proof of concept, the ND/P8& fderved as matrix to immobilize

tyrosinase (Tyr) and the resulting Tyr-ND-PS/GCl6skeinsor was suitable to detect
catechol using differential pulse voltammetry wdbtection limit of 3.9 x 10 mol L™

in the range between 5.0 x 2@nd 7.4 x 10 mol L. Catechol could also be detected
in river and tap water samples. This high sensgtiaompetitive with biosensors made
with more sophisticated procedures and materialhenliterature, is attributed to the
large surface area and conductivity imparted bysthall NDs (< 5nm). In addition, the

ND-PS matrix may have its use extended to immabiliather enzymes and
biomolecules, thus representing a potential bioaimfe platform for ubiquitous

biosensing.

Keywords: Biopolymer; nanodiamonds; potato starch; cateclevéation; biosensing;

tap and river water sample.



1. Introduction

Sensing and biosensing are bound to become ubiguitath the exciting
developments in the Big Data movement [1] with theernet of Things [2], and the
prospects of computer-assisted diagnostics sysiginMany are the requirements for
such ambitious endeavours to be turned into reafitgensors and biosensors may need
to be integrated into wearable and/or implantaldeices [4]. The large number of
methodologies already employed for detection wdlvdn to be explored and even
adapted or extended, and the same applies to ttezials used for making the sensing
units. When remote monitoring is desired, for instg principles of detection based on
optical measurements are usually preferred [5hther applications such as monitoring
water quality and the environment or detecting famthtamination or diseases [6],
electroanalytical techniques could be preferredn@on to the stringent requirements
alluded to is the need of low cost technologiesalgical tools that require expensive,

sophisticated equipment and trained personnel ¢éoadg them are not suitable.

Electrochemical sensors that can be made of cheaperisds, and be
miniaturized into portable devices [7], seem strorendidates for fulfilling the
requirements of ubiquitous sensing. It is in thisitext that our team have tried to
exploit carbon-based materials and natural stameim tapioca and potato in matrices
for sensors and biosensors [8, 9]. In this papemenspecifically, we employ carbon
nanodiamonds (NDs) and potato starch to immobittz® enzyme tyrosinase, with
which detection of catechol (CAT) is performed witliferential pulse voltammetry.
The choice of NDs was inspired by the successfel afscarbon nanomaterials in
biosensing [10-14] owing to their possible high doctivity, mechanical strength, ease
with which they are modified, and biocompatibility. fact, the success in applications

of carbon nanotubes and graphene has stirred isgmtifresearch into other forms of



nanostructured carbon, which have been found inyneases equally efficient for

applications with the advantage of lower cost abdorction. Indeed, carbon black,
printex carbon, carbon nano-onions and carbon nammhds (NDs) have all been used
in electroanalytical applications [13, 15, 16].

Some of these carbon forms are not new at all. N@sjnstance, were first
synthesized in the 1960s [17] with irradiation oc&ghite by shock waves generated by
detonation of a mixture of TNT (2-methyl-1,3,5-ititnbenzene, (6H2(NO,)sCHs) and
RDX (hexogen, 6HsNgOg). After detonation, the remaining soot was filith ND
particles, which were purified via oxidation andtoeatment with mineral acids. In
recent years, NDs have been produced with a coneheale detonation technique,
laser ablation, and plasma-assisted chemical vageposition [18]. NDs are made of
gray particles smaller than 10 nm within a tetrahkdtructure of sp hybridized
carbons, delocalized bonds, and oxygen functional groups on their sadq19, 20].
These characteristics make NDs versatile [21], ]mguse as carriers for anticancer
drugs [22], in sensors and biosensors [23-26] teaieantibodies [24], glucose [25],
haemoglobin [26], and cytochrome c [27].

While ND themselves can serve as matrix in a fiomf for building biosensors
[15], synergy may be reached if they are associaidd a natural biopolymer such as
potato starch. Indeed, we shall show here thaekbetroanalytical performance can be
varied significantly depending on the relative camtcation of NDs and potato starch
(PS). We chose PS due to its physicochemical gtgbdimplicity of manipulation,
biocompatibility, abundance and low cost. It isni@d by two classes of carbohydrates
with ca. 20% m/m of amylose and 80% m/m amylope¢®8, 29], which confer
stability and resistance. PS also has functionaugs leading to a high solubility in

water when heated [30], thus permitting to obtéabke, homogeneous dispersions.



As a proof-of-principle, we employed the NDs/PS mmatto immobilize
tyrosinase with which we detect catechokHGOH),, CAT), a phenolic compound
produced by phenol hydroxylation using®4. CAT was selected because it has been
investigated extensively, including with detectionriver water samples [31-38], and
therefore we compare the performance of our electnmical biosensor with a
considerable body of literature. CAT is a toxic lptant originating from pesticides,
plastics and from residues from refineries andgoéemical industries. Because such
residues containing CAT are sometimes improperbgltarged into the environment,

there is a potential hazard for human health [39].

2. Experimental
2.1. Materials and Methods

NDs (nanopowder, < 10-nm particle size), Tyr 106@/mg (from mushroom),
CAT, KCI, NaNG;, Pb(NQ),, CaCh.2H,O, NaSQ,, SnC}, K3[Fe(CN)], K4Fe(CN)],
acetic acid, 1-ethyl-3-[3-dimethylaminopropyl] cadimide (EDC) and N-
hydroxysuccinimide (NHSyere acquired from Sigma-Aldrich. PS was purchasea
local supermarket from Yoki(brand name). Ultrapure water (resistivity > 181@
cm) from a Millipore Milli-Q system (Billerica, USAwas used to prepare all solutions.
The 0.20 mol [* phosphate buffer solutions (pH 5.7 to 8.0) wereppred with
NaHPO, and NaHPO, from Sigma-Aldrich and used as supporting elegtesl.

The morphology of NDs-PS biopolymer films was rel@mr using scanning
electron microscopy coupled with energy-dispersiveay spectroscopy (SEM-EDX)
with a LEO-440 microscope (Zeiss-Leica), and wiilmsmission electron microscopy
(TEM) with a FEI TECNAI G2F20 microscope at an acceleratioltage of 200 kV.

The NDs were studied using the Nicolet iS50 Foutmnsform-infrared (FT-IR)



spectrometer (Thermo Scientific). Differential pulsoltammetry (DPV) and cyclic
voltammetry measurements were conducted with aplAntPGSTAT-30 (Ecochemie)
potentiostat/galvanostat, coupled to a microcompeaetrolled by 4.9 GPES software.
A three-electrode cell was used with a countertedde (platinum plate), a reference
electrode of Ag/AgCl (3.0 mol 1t KCI), and a working electrode (GCE, PS/GCE, NDs-
PS/GCE or Tyr-ND-PS/GCE). Electrochemical impedasectroscopy (EIS) analysis
was performed with 5.0 x Tdmol L™ K3[Fe(CN)]/K J[Fe(CN)] in a 0.10 mol C* KCI
solution using NOVA software. The frequency ranffedn 0.10 to 100 kHz, in an open

circuit potential, with an amplitude of 10 mV.

2.2. Preparation of NDs-PS dispersion and bioseiffigbrication

Commercial PS (1.0 mg) was dispersed in 5.0% (@@@tic acid agueous
solution and left under stirring for one hour at’®5 The resulting suspension was
stored under refrigeration. A scheme to fabricalzsf?S/GCEand Tyr-NDs-PS/GCE
sensors is shown in Figure 1. Step 1 consistsspedsing 1.0 mg of NDs in 1.0 mL of
PS solution and then using ultrasonication for 30 (atep 2). 5.QuL of NDs-PS were
dropped on the GCE surface (@ = 3.0 mm) (stepr@yipusly cleaned as described in
[40]. The NDs-PS/GCE platform was dried during 12ah room temperature.
Tyrosinase was immobilized covalently using a sotutontaining 1.0 x I8 mol L™
of EDC and 20 x 1§ mol L™ of NHS for 2 h (step 4) followed by immersion in a
solution containing 10QL of 0.20 mol L-* phosphate buffer (pH 6.6) and 25 units of
Tyr (step 5). The Tyr-NDs-PS/GCE biosensor was usetktect CAT in river and tap

water samples (step 6).
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Figure 1.Scheme of ND-PS/GCE and of Tyr-ND-PS/GCE prepamnatgiep 1: ND was
dispersed in PS solution. Step 2: ND-PS dispensias ultrasonicated for 30 min. Step
3: 5.0uL of the ND-PS were dropped on the GCE surfacep 8teND-PS/GCE was
immersed in a solution containing 1-ethyl-3-[3-dilmgaminopropyl] carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) for 2 h. SeegND-PS/GCE was immersed in
a solution containing 25 units of Tyr. Step 6: &t of CAT in samples of tap and

river water with the Tyr-ND-PS/GCE biosensor.

2.3. Water samples collection and analytical praced

Tap water samples (or distribution water) wereexd#d in the Araras city (SP —
Brazil) with geographical coordinates: 22°18'22%'47°22'52.1”0, while the river
water samples was taken from the Monjolinho Ril@cated in S&o Carlos city (SP —

Brazil) with geographical coordinates: 21°59'1143°52'55”0. River water samples



were filtered through a 3-um filter paper (Nalgdaj removal of small leaves and
suspensions. Tap water was used without any praatrhent. All samples were stirred,
homogenized, and fortified with known amounts of ICA'he tap water samples were
identified as A (2.4 x 10 mol L' CAT), B (4.7 x 10* mol L™ CAT), and C (7.4 x
104 mol L™ CAT), while the river water samples were D (2.40<* mol L™ CAT), E
(4.7 x 10* mol L' CAT), and F (7.4 x 10 mol L™ CAT).

The parameters used in the DPV technique were g@dras follows: scan rate
25 mV s*, amplitude 100 mV, modulation time 30 ms, pH = @Be limit of detection
(LOD) was calculated as 8 SD/S whereSD is the standard deviation of the 10
background measurements & the slope of the analytical curve. The repahiyab
studies were conducted in a solution containing .20 mol L™ CAT. Selectivity
studies were performed with 9% 10° mol L™ CAT solution in the presence of
potential interfering substances such as KCI, NgNRB(NQ),, CaC}.2H,0, NaSQ,,
and SnGJ. The biosensor Tyr-NDs-PS/GCE was stored in phatepbuffer solution in

a refrigerator at 4C during the long-term stability studies.

3. Results and discussion
3.1. Electrochemical detection of CAT

Typical differential pulse voltammograms are shownFigure 2, where the
reduction current (0.1 V vs. Ag/AgCl) recorded witie Tyr-NDs-PS/GCE surface is
the highest due to the enzymatic catalysis of Tyx'e mechanism of detection can be
described with the tyrosinase enzyme catalysingobical reactions of phenols
hydroxylation and conversion of o-diphenols to engue [41]. These catalytic effects
should enhance the CAT analytical signal when coethto the non-enzymatic devices

[42] as it clear with the comparison in Figure 2 KDs-PS/GCE (without enzyme) in



(c). The peak near 0 V appeared due to the reducfiGu@® ions in the active centre of
the biomolecule. In addition, the results confitmttthe enzyme was efficiently linked
onto the NDs-PS biopolymer surface. This may reprea new strategy to immobilize
biomolecules, alternative to traditional methodesg using chitosan and

dihexadecylphosphate [43].
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Figure 2. DP voltammograms in the absence of cate@@AT) in (a) and in the
presence of 1.0 x T0mol L™* CAT with Tyr-ND-PS/GCE biosensor ifb). Catechol
detection (1.0 x 10 mol L™ at ND-PS/GCE ir(c). Measurements were carried out in

0.20 mol L=* phosphate buffer (pH 6.6).

The cathodic peak current increased linearly in @#€l concentration range
between 5.0 x I8 and 7.4 x 10" mol L™ according to DPV data in Figure 3. A
calibration curve in the inset was obtained frofuA) = - 5.1 x 10" + 0.023Ccar

(kmol L™ with a linear correlation (r) of 0.992 and LOD3® x 10° mol L™
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Figure 3. DP voltammograms for detecting CAT fror@ 8 10° to 7.4 x 10° mol L™
in 0.20 mol L* phosphate buffer (pH 6.6) using Tyr-ND-PS/GCE. Trset shows the

analytical curve (n = 3).

Intra-day and inter-day repeatability tests werendumted with five
measurements using 1x210* mol L™ CAT solutions. The relative standard deviations
(RSD) were 3.7 and 4.0%, respectively. The low @et@ges suggest a satisfactory
precision of the proposed procedure. Possible tsffeom interferents were checked
using solutions with 9.0 x I mol L™* of CAT to which appropriate amounts of
CaCb.2H,0O, KCI, NaNQ, N&SQ,, Pb(NQ), and SnCl were added to reach a final
concentration of 9.0 x I®mol L™*. The percentages of change in current signals were
0.5, 4.1, 3.6, 8.8, 3.13, 6.9% for CaCH,O, KCIl, NaNQ, N&SQ,, Pb(NQ), and
SnCh, respectively, indicating the selectivity of theettmod (Figure S1 in the

Supporting Information). The long-term stability thfe biosensor was studied using a
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1.2 x 10* mol L™ CAT solution, and the measured current was conhsiaing 17 days
(Figure S2 in the Supporting Information). Therefahere is no difficulty with stability
for using these sensing units in disposable devices

The Tyr-NDs-PS/GCE biosensor was used to detect DA@p and river water
samples (A to C were tap water samples and D teefe wiver water samples). Each
water sample was prepared with different CAT cotregions, measured in three
replicates for each sample and the results are rshowiable S1 in the Supporting
Information. As can be inferred from the recoveegults, which varied from 80 to
118%, the maximum interference from the water samphtrix was 20.0%. This
specification is suitable for detecting CAT in #@vironment.

The performance of the Tyr-NDs-PS/GCE biosensor emmspared with other
tyrosinase-containing biosensors, with the anaytfeatures listed in Table 1. Tyr-
NDs-PS/GCE performed similarly to previous biosessa terms of linear range and
LOD, but was advantageous with regard to easy paéipa, fast response and
selectivity. Also significant is the non-toxic, lowesistivity and environmentally

friendly nature of PS.

Table 1.Comparison between Tyr-ND-PS/GCE and tyrosinaséaguing biosensors
for CAT quantification.

Sensor Linear range LOD Ref.
(mol L™ (mol L™
PEDOT-rGO-FgOs- 4.0x10°t06.2x10° 7.0x10°  [33]
PPO/GCE*
Tyr-MWNTSs- 2.0x10°t0 1.0 x 10' 6.6 x 10"  [35]
PDDA/GCE**

MWNT-Nafion-Tyr/lGCE ~ 1.0x1Ft01.9x 10° 1.3x10"  [36]
Tyr/ZnO/GCE 1.0x 10t0 4.0 x 10° 6.0x10°  [37]
Tyr-PO4—PPy/Pt++ 1.0x10to 1.2 x 10 8.4 x 10"  [38]
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Tyr-ND-PS/GCE 50x 10to 7.4 x10° 3.9x10°  This
work

*PEDOT-rGO-FeO3-PPO/GCE = poly (3,4-ethylenedioxythiophene) - reduced
graphene oxide - F®3; nanoparticles - polyphenol oxidase / glassy aaddectrode

*Tyr-MWNTs-PDDA/GCE = tyrosinase - multi-walled daon nanotubes -
polydiallyldimethylammonium chloride / glassy carbelectrode

**Tyr-PO 4-PPy/Pt = Tyr - PQ- polypyrrole / platinum electrode

3.2. Electrochemical features of the NDs-PS/GCpdliymer

The NDs-PS/GCE sensor had lowstp (AE, = Epa — Ep) and higher current
than PS/GCE or GCE, as shown in Figure 4a. Thisatels an increase in conductivity
and surface area promoted by synergy between NDsP& However, an excess of
NDs on the GCE surface leads to a decrease in @aagnts as seen in Figure S3 in
which the NDs mass in the NDs-PS biopolymer in@dagom 1.0 to 3.0 mg. The
Nyquist diagrams in Figure 4b were fitted with anBi@’s modified equivalent circuit
[R{(CPE[R«Zw])], where Rs;is the solution resistanceR;is the charge transfer
resistanceCPE is a constant phase element akygis the Warburg impedanci in
ascending order was NDs-PS/GCE (16@4< PS/GCE (318.82) < GCE (716.20),
which confirms the faster electron transfer for NE&S/GCE in comparison to bare GCE
and PS/GCE.

Figure 4c and 4d show cyclic voltammograms at setes from 50 to 350 mV

s * with the correspondindy (anodic peak current)s. v/?

(square root of scan rate)
curves shown in the insets. With the Randles-Seegikation:, = 2.69 x 18 A C D
n>2v2 wherel, is the anodic peak current (4,is the electroactive area (BC is the
concentration of [Fe(CN)*~ solution (mol cm®), D (7.6 x 10° cn? s%) [44] is the

diffusion coefficient of the molecule in solutioonf® s %), n is the number of electrons
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involved in the redox reaction andis the potential scan rate (Vs The estimated
electroactive area was 0.10 and 0.08C éon NDs-PS/GCE and GCE, respectively,

suggesting an increase of 25%.

—— GCE (@) > b
401 |—— ND-PSIGCE e
@ GCE
20+ 1500H © Fitting GCE °
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Fig 4. (a) Cyclic voltammograms for 1x010°mol L™ [Fe(CN)}]*~ with GCE, PS/GCE
and ND-PS/GCE, scan rate of 50 mV.$b) Nyquist diagrams for GCE, PS/GCE, and
ND-PS/GCE for 5.0 x I8 mol L™* [Fe(CN)]**". (c) Cyclic voltammograms for 19
107 mol L™ [Fe(CN)]*" with GCE and (d) ND-PS/GCE at scan rates fromd850
mV s *. The insets show vs.v*? curves. All experiments were performed in 0.10 mol
L™ KClI solution.

3.3. Morphology of NDs-PS/GCE
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A homogeneous, rough biopolymer film is seen on $&M micrograph in
Figure 5a while Figure 5b highlights the agglomierabf NDs in PS. According to the
TEM micrographs in Figures 5¢c and 5d, NDs are spakewith diameter smaller than 5
nm, being uniformly distributed on the PS biopolynmEhe EDX spectrum in Figure 5e
shows copper from the grids, in addition to carbemmd oxygen from NDs-PS
biopolymer, thus indicating the absence of contamis. The corresponding electron
diffraction (SAED) patternifsetin Figure 5e) confirmed the absence of crystailim
NDs structure. The FTIR spectrum in Figure 5f shdiws graphitic nature of the
carbon, the hetero-nuclear functional group viloragi and polar bonds with a strong,
broad adsorption at 3412 chassigned to O—H stretching. The band at 1730 désn
assigned to C=0 stretching of COOH groups, whites¢hat 1,622 and 1,130 chean
be associated with absorption of ketone groups (J48]. Bands at 2,925, 2,851 and
1,340 cm* are assigned to the bending modes of,@H, and C=C [27, 46]. This last
one indicatex bonds at the ND surface, which is one of the gsa@sponsible for the
material conductivity. The size, uniform distribartiand chemical surface of NDs are
useful for sensors due to the increase in condtyctiwid surface area leading to higher

electroanalytical signals desired in (bio)sensiagices.

100 nm
H
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Figure 5. SEM micrographs of ND-PS biopolyna¢ia magnification of 10,000%a) and

50,000X (b). TEM micrographs of ND-PS biopolymer in brigield (c) and in dark

field (d). Corresponding EDX spectrum of ND-PS aldctron diffraction (SAED)

pattern of a selected area (inset) (e). FTIR spectf ND powder (f).

4. Conclusion

A potential biocompatible matrix made of NDs and R8s employed to
immobilize tyrosinase with which CAT was detectadap and river water samples. A
low LOD of 3.9 x 10° mol L™ was achieved using the DPV technique due to tiye la
surface area and conductivity promoted by NDs wthey were added at an optimized
relative concentration. The Tyr-NDs-PS/GCE biosensxhibited an analytical
performance similar to previously reported biosesseith the advantages of easy
preparation, fast response, selectivity and reddtw cost.

Taken together the results presented here amouatdemonstration that the

non-toxic, environmentally friendly PS biopolymeraynbe combined with NDs and

16



have their surface properties tuned by varyingrthedative concentrations in order to
optimize electroanalytical performance. The immiahtion of tyrosinase was just
performed as a proof-of-principle experiment, fdD$WPS can be used as matrix for
many other enzymes and biomolecules. The possibt®impatibility of the matrix may

be valuable for the needed ubiquitous sensingTralad other applications.
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Highlights

Biosensor made with a biocompatible thin film camitay nanodiamonds and potato

starch, coated with tyrosinase

The biosensor detected catechol with detectiont l6hi3.9 x 10 mol L™* within the

range between 5.0 x Toand 7.4 x 10 mol L™,
Catechol could also be detected in tap and rivéemsamples.

Estimated cost per sensing unit of only US$ 0.04



