Immobilization of mycotoxins on modified nanodiamond substrates
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The effectiveness of modified nanodiamonds (NDs) for the adsorption of mycotoxins, aflatoxin B1
(AfB1) and ochratoxin A (OTA), are investigated in this paper. Binding and release mechanisms of
the mycotoxins were addressed using an assortment of NDs modified by different surface
treatments, including carboxylation, hydrogenation and hydroxylation, followed by isolating NDs
of different sizes. Results indicate that AfB1 adsorption on NDs is directly related to aggregate
size, whereas OTA adsorption is primarily centered upon electrostatic interactions that depend on
the types of surface functional groups on the ND. Findings show that modified NDs with small
aggregation sizes (~40nm) have greater adsorption capacities for AfB1 than yeast cells walls and
untreated NDs from various vendors, but comparable to activated charcoal. In OTA studies,
positively charged NDs outperformed clay minerals, which are well-known and efficient
sorbents for mycotoxins. Furthermore, ND adsorption capacities can be preserved in a wide range

of pH. © 2011 American Vacuum Society. [DOI: 10.1116/1.3672489]

. INTRODUCTION

Each year approximately 25% of the world’s cereals are
contaminated by mycotoxins, secondary metabolites pro-
duced by fungi, and enter the food chain through direct
ingestion or consumption of tainted animal products, i.e.,
meat and milk.'™ Ingestion of mycotoxins has been linked
to toxicosis, cancer,6’7 and even, death.® Two well-known
and detrimental mycotoxins are aflatoxin B1 (AfB1) and
ochratoxin A (OTA) [Fig. 1(a) and 1(b)]. AfB1 has been
identified as one of the most carcinogenic naturally occur-
ring compounds’ and commonly infects cereals, tree nuts,
oilseeds and spices that grow in warm, humid settings.'®-'!
AfB1 is classified as a group 1 carcinogen due to gastrointes-
tinal (GI) enzymes which breakdown AfB1 into epoxilated
derivatives that form adducts with DNA,12*14 thereby caus-
ing heritable changes that lead to malignant cell formation
particularly in hepatic cells.'> OTA, while less potent
than AfB1, receives much attention due to the ability of the
producing fungi to proliferate in low temperatures (0 to
31°C) and humidities, and in a wide range of pH (pH 2 to
10)."® Consequently, OTA is found in crops worldwide,
though it is most common in Northern Africa, North Amer-
ica and Europe.”’18 In fact, evidence of OTA in Europeans’
blood and breast milk was found to be widespread,lg’20 with
exposure primarily gained though ingestion of grains (58%
of the intake), wine (21%), grape juice (7%), coffee (5%)
and pork (3%).>' Unlike AfB1, OTA accumulates in tissue
and has been associated with mutagenic, nephrotoxic,
nephrocarcinogenic, teratogenic*> and immunosuppressive
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properties that may lead to the development of certain dis-
eases, such as balkan endemic nephropathy (BEN), urinary
tract tumors and possibly testicular cancer.>

While these mycotoxins have long been identified, there
has been no economical, easy and practical resolution for
removing these toxins from contaminated crops and feed-
stuff. Methods to remove or decompose mycotoxins in crops
have included physical, chemical, and biological means;
however, the procedures vary in their effectiveness®** and
may discolor and/or decay nutritional contents of the
foodstuff.”~*® The most recent treatment is the use of non-
nutritive binding agents, termed enterosorbents, which
adsorb and remove the mycotoxins within the GI tract before
absorption into the body. Several enterosorbents have been
considered for mycotoxins adsorption, including activated
charcoal, yeast cells and clay minerals, but due to their
inability to bind a wide variety of toxins®* or concerns in
vitamin and mineral uptake,z’3 alternative enterosorbent
materials are being explored.

Nanodiamond particles (NDs), produced through detona-
tion synthesis, are a prospective enterosorbent material®>>°
due to their high dispersivity, which allows for easy adminis-
tration and quantifiable dosing through water substitutions.
In addition, their colloidal stability and sorption capacities
are preserved over a wide pH range, important for interact-
ing in the GI tract.”3¢ Furthermore, NDs have been shown
to be biocompatible and nontoxic in a variety of in vitro and
in vivo studies.’' 3 Lastly, because NDs can be tailored
with different functional groups during manufacturing and
modification treatments, NDs may be able to selectively
adsorb AfB1 and OTA while excluding critical nutrients.
This paper reports results from assessing AfB1 and OTA
adsorption on NDs modified under variety of treatments,
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Fic. 1. Chemical Structure of (a) aflatoxin B1 (AfB1) and (b) ochratoxin A
(OTA).

including surface termination by hydrogen, carboxyls and
hydroxyl groups, as well as determining possible mecha-
nisms of interaction.

Il. EXPERIMENTAL PROCEDURES
A. Nanodiamonds

Nanodiamond particles used in this work were synthe-
sized at the manufacturers site by the detonation of a mixture
of trinitrotoluene (TNT) and 1,3,5-trinitro-1,3,5-s-triazine
(RDX), followed by treatment in liquid or gas-phase oxidiz-
ers to reduce nondiamond carbon content. The list of NDs
used in our experiments is summarized in Table I. Complete
details of manufacturing and hydrosol preparations for
Ch-st, 16, RUDDM1, RDDM and ozonated NDs (OZ-ND)
have previously been reported.””>%**> Here, only brief
processing methods will be discussed. Ch-st ND (New Tech-
nologies, Chelyabinsk, Russia) was purified using a solution
of chromic anhydride in sulfuric acid. 16-140 samples were
produced from Ch-st through treatment in H,O,/NaOH, ion-
exchange, then fractionating. RUDDMI1 (Real-Dzerzinsk,
LTD, Russia), was obtained by purifying detonation soot by
singlet atomic oxygen in the base environment, followed by
treatment in nitric acid, NaCl and fractionation. 16-220 and
16-40 samples were obtained by centrifugal separation of
16-140 sample, with the number corresponding to the aggre-
gate size. RUDDMI, which has been used previously for

adsorption experiments, was also fractionated to a 40nm
particle size. RDDM (Real-Dzerzinsk) was produced by
detonation of graphite precursors mixed with RDX and frac-
tionated by centrifugation. Ozonated ND (OZ-ND, New
Technologies) was obtained by treating detonation soot with
ozone at 200°C. OZ-BI, obtained through centrifugation,
represents the smaller fractions of the OZ-ND sample.
Porous NDs, selected to determine the influence of pores on
toxin adsorption, were produced by Alit, Ukraine, by high
temperature high pressure compacting of detonation NDs.*®
Finally, surface functionalization was conducted on the
16-140 sample to form hydrogenated (I6-H), hydroxylated
(I6-OH) and carboxylated (I6-COOH) derivatives. In the
current approach, hydroxylation was achieved using reduc-
tion with lithium aluminum hydride.”” ND-COOH was pro-
duced by air treatment at 430°C for 1hr, followed with
treatment in HCI for 1 hr and washing. ND-H was created
through treatment in H, flow for three days at 450 °C.
Surface groups of NDs used in the paper were previously
confirmed using FTIR and XPS techniques.?*'~" Supple-
mentary surface characterization techniques, via thermal
desorption mass spectrometry (TDMS) and time-of-flight
secondary ion mass spectrometry (TOF-SIMS), have also
supported these results and have helped to differentiate
between particular surface groups, i.e., carboxyls versus
anhydrides.”® Due to ND’s varying surfaces, which stem
from different manufacturing procedures, ND’s acquire dif-
ferent zeta potentials (ZPs) and vary in their aggregate sizes.
Before measuring ZP and aggregate size, NDs were sus-
pended in deionized (DI) water at a 0.1 wt. % concentration
using rigorous ultrasonication.”® Particle size distributions
were determined by dynamic light scattering (DLS) on the
Malvern ZetaSizer NanoZS, and confirmed using the Beck-
man Coulter N5 submicron particle size analyzer. Samples
were diluted for measurement by adding 10 uL of the pre-
pared 0.1 wt. % suspension to approximately 1mL of DI
water. Unimodial intensity-based sizes (Z-average sizes) are
reported. ZP measurements, conducted also on the Zetasizer,

TaBLE I. NDs used in adsorption experiments with related particle diameter measurements (nm), zeta potentials

(ZP, mV) and a brief description of processing methods.

ND Type Size, nm ZP, mV Processing

Ch-st 298.8 19.0 CrOs in H,SO,

16-220 219.1 44.6 Ch-st; NaOH+-H,0,; ion-exchange resin; FC*
16-140 140.2 47.7 Ch-st; NaOH+-H,0,; ion-exchange resin; FC
16-40 40.0 50.1 Ch-st; NaOH+H,0,; ion-exchange resin; FC
16-H 128.3 68.1 16-140; H,

16-OH 128.1 52.6 16-140; air treatment; HCI

16-COOH 145.5 —-594 16-140; reduction with lithium aluminum hydride
Porous 177.4 —38.1 High temperature-high pressure compacting of NDs
RDDM 175.9 —46.1 Graphite precursors; FC

OZ-ND 175.0 —44.6 Soot oxidized with Ozone

0Z-B1 80.8 —-51.2 Soot oxidized with Ozone; FC

RUDDMI1 79.8 —49.2 Singlet O in NaOH; HNOj3; NaCl; FC
RUDDMI1-40 40.1 —53.3 Singlet O in NaOH; HNOj3; NaCl; FC

*FC: Fractionation by Centrifugation.
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were conducted by injecting 1.5 mL of the undiluted ND sus-
pension into Malvern supplied capillary cells. Using Laser
Doppler Microelectrophoresis, electrophoretic mobility was
measured. ZP was derived from the measured
electrophoretic mobility using the Smoluchowski’s approxi-
mation for Henry’s function, the latter equals 1.5, which is
justified by the relatively large size of the particles. The
reported results for both the size and ZPs are averaged over
three measurements performed at 25 °C. For select NDs spe-
cific surface areas (SSAs) were also performed using Bruna-
uer, Emmett and Teller (BET) method, which used nitrogen
adsorption at 77 K (Quadrasorb from Quantachrome).

B. Aflatoxin B1 Studies

AfB1 [purchased from Sigma Aldrich, Fig. 1(a)] stock so-
lution was prepared for adsorption studies by dissolving pure
AfBI1 crystals in acetonitrile, followed by dilution in DI
water to yield a final concentration of 10 ug/mL. Using the
batch isotherm procedure, where a fixed amount of adsorbent
is exposed to increasing concentrations of the solute, 0.3 mL
of ND suspension (0.1 wt. %, prepared using the aforemen-
tioned method) was placed in a microcentrifuge tube. To
this, 0.7 mL of AfB1 solution of varying concentrations (0.5
to 10 ug/mL) was added to make the total volume 1mL.
This mixture is noted as a 3:7 (ND:AfB1 v/v) ratio in later
discussions. The ND-AfB1 mixture was then incubated at
room temperature on an orbital shaker. Although adsorption
reaches equilibrium within 5 mins, as confirmed by earlier
studies,30’35 15 min incubation times were selected with cur-
rent experiments. Longer incubations times did not lead to
increased adsorption. Before centrifugation (14 000 rpm,
25min, 25°C) 0.162uL of 0.3 g/mL NaCl solution was
added to the ND-AfB1 suspension to help sediment the NDs,
an imperative step for 40nm NDs due to their exceptional
colloidal stability. It was previously established that the
introduction of the NaCl solutions does not interfere with
adsorption of AfBl,35 this is also true for the salt con-
centrations used in this paper. Following centrifugation, the
supernatants were collected and the final equilibrium con-
centrations of unbound AfB1 were detected with UV-Vis
spectroscopy. The amount of adsorbed AfB1 was estimated
by the difference between the initial quantity of AfB1 and
the unbound molecules in the supernatant (Fig. 2). Sample
pellets made up of NDs with adsorbed molecules were saved
for desorption studies. All samples were prepared and meas-
ured three times. Two control samples were prepared and
tested in the same manner. Control samples included 0.3 mL
of ND with 0.7mL DI water (Control 1) and 0.3mL DI
water with 0.7mL stock AfB1 (Control 2). The supernatant
of Control 1 allowed for subtraction of any residual NDs in
the UV-Vis spectra of the ND-AfB1 supernatant. Whereas,
Control 2 was used as the reference point for determining
the quantity of AfB1 adsorbed.

Several NDs were selected for construction of their corre-
sponding adsorption isotherms (Fig. 3) by fitting UV-Vis
adsorption data to the Langmuir equation (Table II). The
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FiG. 2. Results of AfB1 adsorption on various ND substrates showing differ-
ent adsorption capacitates based on treatments and aggregate sizes (nm).

isotherm was plotted as adsorption capacity, or the quantity
of adsorbed AfB1 (ug/mg), versus the equilibrium concen-
tration of AfB1 (ug/mL). The Langmuir equation was also
fitted to data using linear regression transforms, i.e., Eadie-
Hofstee, Lineweaver-Burk, Reciprocal Line, and Scratchard
(Table II). The slopes and intercepts from these plots gave
rise to additional information such as the maximum capacity
(Qmax), indicating the greatest amount of AfB1 able to be
adsorbed by 1 mg of ND, and the equilibrium constant (K),
which provided a description of the binding strength of the
adsorption molecules to the ND substrate. Curves in the iso-
therm show best fits of the Langmuir equation to experimen-
tal data by using nonlinear least squares (NLLS) regression,
whereas Table III shows comparisons of Q,.x and K esti-
mates of AfB1 on several different NDs. Additional research
was completed by observing the effects on adsorption
capacities when ND concentrations were increased from
0.1wt. % to 0.5wt. %, and by altering ND:AfB1 volume
ratios from 3:7 to 1:1 and 3:1 (Fig. 4). Suspension concentra-
tions used for the comparison of ND-AfB1 ratios were 5 mg/
mL for NDs and 10 pug/mL for AfB1; all other preparation
methods remained unchanged. To observe the influences of
pH on adsorption, ND suspensions were adjusted to pH 2
and pH 11.5 using HCI or NaOH, prior to AfB1 additions.
The control sample was prepared by mixing 0.7mL of the
AfB1 suspension and 0.3 mL of DI water at the appropriate
pH. Because UV-Vis spectra indicated a degradation of the
AfB1 molecule in the presence of NaOH, a separate experi-
ment looking at the kinetics of AfB1 degradation was

TaBLE II. Isotherm Equations used in curve fitting of AfBl1 and OTA
adsorption on NDs.

Langmuir Model (LM)

Eadie-Hofstee (EHT)
Lineweaver-Burk Transform (LBT)
Reciprocal Langmuir Transform (RLT)
Scatchard Transform (ST)

q=Qmax(KCy/1 +KC\,)
4= Qumax — (1/K)(q/C\,)
1/g = 1/Qmax + (1/(KQmax)(1/Cy))
Cylq = (1/(KQmax) + (1/Qumax)Cw)
qICW=KQuax —K q

g = concentration of mycotoxin adsorbed (ug/mg)
C, = equilibrium concentration of mycotoxin.
Qumax = maximum capacity (ug/mg)

K =equilibrium constant
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TasLE III. Maximum capacity (Quax, #g/mg) and equilibrium constants (K, mg/ug) of AfB1 on various NDs based on four Langmuir transform equations.

RUDDM1-40 RUDDM1-40 16-40 16-COOH
0.5wt. % 0.1wt. % 0.1wt. % 0.1wt. %
Transforms Qmax (Hg/mg) K (mg/ug) Quax (ug/mg) K (mg/ug) Qmax (ug/mg) K (mg/ug) Quax (ug/mg) K (mg/ug)
Eadie-Hofstee 2435 0.1470 9.306 0.4042 12.774 0.3183 6.522 0.2842
Lineweaver-Burk 2.895 0.1203 10.341 0.3729 12.485 0.3106 6.468 0.2883
Reciprocal Line 2.807 0.1243 9.234 0.4227 12.853 0.3265 6.596 0.2779
Scratchard 2.851 0.1222 10.119 0.3846 11.767 0.3724 6.606 0.2999
Average 2.747 0.1290 9.750 0.3961 12.470 0.3320 6.548 0.2880

performed. Directly after adjusting S mL of AfB1 solution to
pH 11 the UV-Vis spectrum of the solution was repeatedly
measured. Data were observed and recorded from ten sec-
onds to 21 hs after pH adjustment (See supplementary mate-
rial figure, SMFig. 1, Ref. 39). Final experiments observed
toxin desorption by redispersing AfB1 bound ND pellets in
1 mL of DI water with 15 seconds of sonication, before cen-
trifugation and UV-Vis detection. Redispersion procedures
were repeated two more times for each sample in 1 mL of
Smg/mL NaCl solution or 5mg/mL CaCl, solution to
observe the role of ionic influences.

C. Ochratoxin A Studies

OTA [Sigma Aldrich, Fig. 1(b)] was dissolved in
methanol followed by dilution in DI water to obtain a final
concentration of 10 pug/mL. To 0.3mL of ND suspension
0.1wt. %) 0.7mL of OTA was added to give a 3:7
(ND:OTA v/v) ratio. The mixture was incubated for 15 mins
followed by centrifugation. In OTA studies, NaCl additions
to sediment NDs were excluded, as salt in the presence of
OTA (in the absence of ND) resulted in a secondary peak at
383nm and a slight reduction in the 363 nm primary peak
(See supplementary material, SMFig. 2, Ref. 39) This
phenomena is discussed further in the results section. By

4+ RUDDM-40,0.5 wt%
a4 RUDDM-0, 0.1 wt%
7 | = 1640,01w%
x 16-COOH, 0.1 %
¢ OZ-ND,05wt%
) e "
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Fic. 3. Langmuir isotherm for AfB1 on various ND substrates and at differ-
ent ND concentrations.
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excluding salt, only larger ND aggregates could be used,
since smaller aggregates will not allow for pellet formation
during centrifugation.

Adsorption data comparing different NDs (Fig. 5) was
performed by using the undiluted OTA stock solution. Lang-
muir isotherms were created using the same principles as in
AfBI1 studies, but varying the concentration of OTA from 2
to 10 ug/mL (Fig. 6). Maximum capacities and equilibrium
constants were found using the linear regression transforms
listed in Table II and their results are reported in Table IV.
pH experiments were also conducted to observe the resulting
influence on OTA adsorption. Similar to AfBI studies,
ND suspensions were prepared to pH 2 and pH 10 before
introducing OTA. All other steps remained unchanged. OTA
desorption experiments were conducted using water and
NaCl or CaCl, solutions (3 redispersion cycles for each sam-
ple) in a manner identical to AfB1 studies.

VAR
H

AfB1 Adsorption (%)
W o+ wh N ~J
wh w

]
[ vy
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2ok i

3:1

1:1
ND/AfB1 Ratio

3.7

FiG. 4. Effect of ND:AfB1l volume ratios on adsorption percentage and
capacity. Suspension concentrations were 5 mg/mL for NDs and 10 ug/mL
for AfB1.
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Fic. 5. Results of OTA adsorption on various ND substrates (0.1 wt. %)
showing different adsorption capacitates based on treatments and aggregate
sizes (nm).

Ill. RESULTS AND DISCUSSION
A. Aflatoxin B1

The initial evaluations of AfB1 adsorption by various
ND substrates (Fig. 2) indicate that adsorption is dominated
by aggregate size. Smallest ND aggregates (16-40 and
RUDDM1-40) exhibited the highest adsorption capacities
due to their increased specific surface areas (SSAs), a result
of size reduction. The polarity of the NDs seem to be an in-
significant factor for the adsorption of AfB1, as both posi-
tively and negatively charged NDs bind approximately same
amount of molecule, i.e., 16-40nm and RUDDM1-40 nm
(Fig. 2). Although AfBI1 is considered to be a charge-neutral
molecule, it contains both partial positive and negative spe-
cies within its structure. Its dicarbonyl [Fig. 1(a)] can carry a
partial positive charge, which has been shown to be attracted
to negative sites on hydrated sodium aluminosilicate
(HSCAS) enterosorbents.*>*! With NDs however, it was
observed that when comparing two equally sized aggregates
the one with the positive ZP binds slightly higher amounts of
AfB1 (Fig. 2). Consequently, it is thought that AfB1’s partial
negative charge, associated with the C-4 carbon atom,42 has
a greater attraction to NDs possessing positively charged
sites. Furthermore, with the exception of the terminal furan
ring, AfB1 is a planar molecule; therefore, when the negative
portion of the AfB1 molecule binds to positive ND sites it
may allow for a higher packing density as the molecule
would sit vertically on the 16-40 substrate. Theoretical esti-
mations of select NDs show both vertical and horizontal ori-
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Fic. 6. Langmuir isotherm for OTA on Ch-st, 16-140 and 16-OH substrates
(0.1 wt. %).

entations are possible. Additionally, the surface functional
groups associated with 16-40 and RUDDM1-40 NDs differ,
which causes a change in polarity on the surface of the NDs.
Previous studies have shown that negatively charged
RUDDMI1 ND is rich in carboxyl groups, while positively
charged 16 ND has a large presence of carbonyls and hydro-
carbon residues.>*** To further examine the effects of func-
tional groups on adsorption, 16 was modified with -COOH,
resulting in a negatively charged particle, and compared to
the —COOH rich RUDDMI1 sample. The slight decrease in
AfB1 adsorption on 16-COOH ND (Fig. 2) is consistent with
the previously observed slightly lower capacity of RUDDM1
and can indicate that carboxyl groups are not favorable for
AfB1 adsorption, but may interact with the partial positive
charge on AfB1. Aside from electrostatic interactions
between partially charged sites of AfB1 with charged ND
surfaces, adsorption may be caused by pi-pi interactions
between aromatic rings of AfB1 and sp? shells on NDs, since
it is known that detonation NDs always contain patches of
sp> carbon shells on their surface.>’ The above series of
experiments, summarized in Fig. 2, concludes that while
both positively and negatively charged NDs can adsorb
AfBI1, the aggregate size, which influences the surface area
available for binding, had the most influential role in decid-
ing the amount of AfB1 adsorbed.

Since adsorption can be affected by porosity, porous NDs
of 177nm in diameter (obtained by HPHT sintering of
DND) were also included in the studies.*® The sintered
diamond had a SSA of 136 m%/g (based on argon adsorption

TaBLE IV. Maximum capacity (Qmax, #g/mg) and equilibrium constants (K, mg/ug) of OTA on NDs (0.1 wt%) based on four Langmuir transform equations.

16-OH 16-140 Ch-st
Transforms Quax (ug/mg) K (mg/ug) Qmax (Hg/mg) K (mg/ug) Quax (Hg/mg) K (mg/ug)
Eadie-Hofstee 24.821 17.731 20.626 7.974 15.847 1.531
Lineweaver-Burk 24.510 18.545 20.121 8.569 15.949 1.507
Reciprocal Line 26.247 14.111 22321 5.895 16.287 1.415
Scratchard 25.355 16.447 21.060 7.439 15.958 1.506
Average 25.233 16.708 21.032 7.469 16.010 1.489
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experiments) and mesopore sizes smaller than 5nm.*°

Porous samples showed a 28% improvement in adsorption
capacity over the comparable sized ND aggregate, RDDM
ND (SSA of ~250 mz/g), despite an overall lower SSA.
RDDM samples, which consist of dense polycrystals, lack
any porosity.

It should be emphasized, that aggregates of detonation
ND have an inherent porous structure.*® For example, the
RUDDMI sample (SSA 319.5 m?/g) has a pore size of
6.52nm and volume of 0.599cc/g. Based on the data
reported in the previous paragraph, it can be concluded that
the presence of pores within the ND aggregates contributes
to the adsorption capacities of the NDs. Loose aggregates
with large pores were also formed by mixing equal portions
of negatively and positively charged NDs (I6 and RUDDM1
40nm NDs) before proceeding as normal with the toxin
experiment. Aggregation of the NDs immediately took
place. However, no increase in adsorption over the individu-
alized results was observed (Fig. 2), regardless of the ability
for AfB1 to electrostatically interact with both positive and
negative ND surfaces. These studies emphasize the impor-
tance of pore structures and porosity in the adsorption of
AfBI.

Interestingly, when ND suspensions were prepared at pH
2.5, adsorption capacities were preserved. This is important
for enterosorbents since much of the toxin-ND interaction
occurs in the stomach. However, in alkaline environments
degradation of the AfB1 molecule was observed; however,
peak placement did not shift (see SMFig. 1; Ref. 39).
Within 30 mins approximately 53% of AfB1 was degraded
in the presence of NaOH, with no greater degradation over
the next 21 hs (see SMFig. 1(a); Ref. 39). It is known that
in alkaline environments, the lactone ring in AfB1 is
opened, thereby changing the properties of the AfB1 mole-
cule.?° Nonetheless, due to the spectral changes of AfB1
with and without NDs, it appears that NDs are still adsorb-
ing the toxin even in the alkaline environment (SMFig.
1(b); Ref. 39).

The adsorption capacity of NDs were also affected by
the concentration of ND suspensions (0.1 versus 0.5 wt. %).
To further analyze these differences, volume ratios of AfB1
to ND solutions were altered from 3:7 to 1:1 and 3:1. Both
the concentration increase and ratio adjustment alter the
number of ND particles in the total system, which led to
differences in the uptake of AfB1 molecules (Fig. 4). By
increasing the amount of NDs the percentage of bound
AfB1 molecules (adsorption percentage) was larger due an
increased number of adsorption sites. However, this
increase also corresponded to a drop in adsorption capacity.
Other published work was consistent with our results and
suggests there were an insufficient number of solute
molecules to cover all sites on the substrate’s surface.*’ It
is also possible that since the ND concentration had
increased, the inter-particle distance had decreased. This
proximity difference between charged ND particles would
reduce the electrostatic attraction of an AfB1 molecule to a
neighboring ND particle. These complexities in the Lang-
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muir isotherm show sorbent concentrations and adsorbent
to adsorbate ratios can result in different maximum capaci-
ties and equilibrium constants for the same substrate, as
seen in Table III. Therefore, a substrate concentration
should be chosen that will reflect respectable adsorption
percentages and capacities. As a result, all future studies
only focus on 0.1 wt. % ND suspensions by mixing at 3:7
volume ratio (ND:AfB1).

Three NDs, including RUDDM1-40 (0.1 and 0.5 wt. %),
16-40 (0.1 wt. %) and 16-COOH (0.1 wt. %), were chosen for
the construction of the Langmuir isotherm (Fig. 3). The
plateaus on the isotherms indicate that the adsorption sites
have reached saturation. Maximum capacities, Quax, and
equilibrium constants, K, were extracted from the isotherm
through linear regression curve fitting (Table III). Four trans-
form equations were used as each shows different error toler-
ances and have biases towards fitting data at low or high
concentration ranges.** The transform calculations confirm
that higher concentrations of NDs give rise to lower maxi-
mum capacities. By using lower concentrations of ND, the
calculated maximum capacities and equilibrium constants,
which give insight to binding strength, more than tripled.
Comparisons of 40nm RUDDMI1 and 16 show that while 16
has a larger Quax its binding strength is slightly lower,
implied by its lower equilibrium constant. The lower equilib-
rium constant likely correlates to 16’s diverse surface groups.
Though 16’s Q.x indicates that it has an increased number
of binding sites for AfB1, because of the surface group
diversity, not all of these species may equally bind the mole-
cule. Whereas, RUDDM1’s fewer, but more preferential,
binding sites appear to have a greater affinity to the toxin. As
earlier indicated (Fig. 2), COOH groups do not show a high
preference for the AfB1 molecule, this is further suggested
by the lower maximum capacity and binding calculations of
COOH rich NDs, like RUDDMI1 and 16-COOH, as com-
pared to unmodified 16 (Table III).

Maximum capacity values found in this research, specifi-
cally for 16-40 and RUDDMI 40, outperform other AfB1
adsorbents such as other NDs, whose capacities range from
0.011 to 0.148 ug/mg,*® montmorillonite (1.9 ug/mg),*
and most yeast cell walls (though some reports indicate
11 ug/mg adsorption is achieved, in natural pH**),'04047
and show similar performance when compared to some
activated charcoals (10 ug/mg).**>** Other activated char-
coals and HSCAS have shown capacities as high as 120
and 86 ug/mg, respectively.**® However, our previous
studies using dye molecules indicate ND’s have a much
faster kinetic rate of adsorption, since binding does not rely
on diffusion.*®

Finally, desorption experiments were conducted to
observe the binding strength of the toxins to the NDs. Stud-
ies found that NDs did not release the toxin in DI water,
NaCl or CaCl, solution. Such results indicate the AfB1
adsorption is not based on ionic interactions, but possibly,
hydrogen bonding or pi-pi bonding interactions with the ND.
These results suggest that ND enterosorbents will bind the
toxin throughout the GI tract.
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B. Ochratoxin A

OTA binding on NDs required slightly longer incubation
times than for AfB1. AfB1 adsorbed on NDs in 5 mins or
less, while OTA required 15 mins, though from 5 to 15 mins
adsorption increased by only 6% to 10%. Though NaCl
additions were omitted, due to their influence on the OTA
UV-Vis spectra (SMFig. 2(a); Ref. 39), when NDs were
added to the OTA-NaCl system, further reduction in the pri-
mary peak was seen, indicating adsorption is still occurring
(SMFig. 2(b); Ref. 39). The peak shifting on the UV-Vis
spectrum indicates the possible formation of OTA-Na" com-
plex or dissociation of proton due to change of ionic
strength.

Differences between OTA adsorption (Fig. 5) over AfB1
adsorption on NDs are immediately observed with respect
to electrostatic interactions (refer to ZP on Table I). Due to
the negative nature of the OTA molecule, NDs possessing
positive ZPs adsorbed greater amounts of the toxin. Inter-
estingly, our studies indicate negatively charged NDs were
still able to adsorb the toxin, despite charge repulsion, while
negatively charged HSCAS clay minerals, whose binding is
based on electrostatics, shows little to no adsorption of
OTA.*** Though adsorption is lower in negatively charged
NDs, the presence of oxygen containing groups, specifically
carboxyls on I6-COOH, OZ-ND, OZ-Bl and RUDDM1,?%°
exhibit the reason for binding. Previous studies using
charged dye molecules showed no adsorption on NDs of
like charges,**® insinuating that electrostatic interactions
dominate adsorption but are not the sole mechanism.
Adsorption studies on cell walls show that functional
groups, including carboxyl, hydroxyl, phosphate and amino
species as well as hydrophobic interactions may be respon-
sible for binding OTA.* NDs, which are primarily hydro-
philic in nature, may also possess hydrophobic patches that
aid in binding.

Unlike AfB1 studies, the degree of OTA adsorption is not
based on aggregate size, but instead, surface chemistry. For
example, 128 nm hydroxylated NDs perform superior to
hydrogenated NDs of the same size, even though 16-H car-
ries a stronger positive ZP (68 mV over 53 mV), as seen in
Fig. 5. However, NDs stemming from the same manufactur-
ing treatments can be altered for greater adsorption by reduc-
ing aggregate size and increasing SSA (Ch-st, 16-220 and
16-140 series). The presence of pores in the porous ND sam-
ple did not help to elevate adsorption levels.

OTA was studied in acidic and basic environments to
observe the preservation of adsorption capacity. In acidic
conditions OTA peak shifted from 365 to 340 nm, whereas,
in basic environments the peak shifted to longer wave-
lengths, 385 nm. Nonetheless, in both cases, the addition of
NDs shows adsorption is still occurring (SMFig. 3; Ref. 39).

Select NDs, Ch-st, 16-140 and 16-OH, were chosen for
isotherm construction to compare differences of aggregate
sizes and surface treatments on maximum capacities. Lang-
muir isotherms for these three NDs (Fig. 6) can be catego-
rized as a L1 or L2 shape, based on Giles®! classification of
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isotherm shapes, which indicated that the NDs are reaching
or has reached a plateau. To determine if a plateau is reached
the calculated Q,,.x (Table IV) should be compared to the
maximum observed quantity. The perceived maximum quan-
tities of OTA on Ch-st, 16-140 and 16-OH are 13.403, 19.731
and 22.173 ug/mg, respectively. This signifies that 83.7,
93.8, and 87.8% of the surface capable of holding OTA have
been occupied; thus, a plateau has been reached and the
shape is a L2, or completed, isotherm. 16-OH and 16-140
isotherms in this case show a steep curve at the start of the
isotherm, unlike Ch-st and NDs used in AfB1 adsorption;
this implies a specific type of binding and saturation of that
type of site.*! Equilibrium constants and capacities were
highest for 16-OH NDs, making it apparent that hydroxyl
groups have a strong affinity for OTA molecules. However,
all other NDs indicated strong binding through their calcu-
lated equilibrium constants (Table IV). Maximum capacities
obtained in this research show greater affinity for OTA over
clay mineral enterosorbents, including HSCAS (0-2.2 ug/
mg) and bentonites (1.9-9.0 ug/mg) and yeast cell walls
(2.7 ug/mg), but may perform inferior to some activated
charcoals (100 ug/mg).*’

Though calculations reveal high binding strengths, in the
presence of NaCl and CaCl, solutions NDs showed consider-
able desorption of the bound OTA molecule, 25% and 26%
correspondingly. By repeated redispersion of ND pellets in
NaCl or CaCl, another 6% or less of the bound OTA mole-
cules were released. This outcome further depicts ionic
adsorption mechanisms for OTA’s binding on NDs.

IV. CONCLUSIONS

Results of this study show that surface modification treat-
ments and size fractionation can significantly influence the
quantity of the adsorbed toxin. In the case of AfB1, aggre-
gate size is the major factor for adsorption capacity. NDs
with the smallest aggregate sizes (40 nm) adsorb the largest
amounts of AfB1. However, pore structure and size also play
a role in adsorption. Additionally, it was observed that AfB1
binding remains stable in the presence of salt solutions. In
OTA studies, electrostatic interactions dominate adsorption,
with specific surface functional groups, i.e., hydroxyls,
enhancing OTA adsorption. Positively charged NDs have
about double the adsorption capacity as compared to nega-
tively charged NDs. However, in the presence of salt,
desorption of toxin was observed due to their dependency on
ionic adsorption mechanisms. In both toxin studies adsorp-
tion was preserved under wide range of pH, even after the
toxin molecules underwent chemical reactions due to the
harsh pH environments. Furthermore, the maximum capacity
and binding calculations were shown to vary with both sor-
bent concentrations and toxin to ND ratios. Comparisons to
other reported enterosorbents, including vendor received
NDs, yeast cell walls, activated charcoal, and some clay
minerals, showed surface-modified NDs to have superior or
comparable adsorption.
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