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Abstract Hispidin is a secondary metabolite found in numerous medicinal mushrooms that has attracted significant attention,

owing to its distinct biological effects, including antioxidant, anti-inflammatory, antitumor, and cytoprotective properties.

Experiments are being carried out to study the interaction of detonation nanodiamonds (DNDs) with synthetic and natural

hispidin sourced from extracts of Pholiota sp. fungus. The bioluminescence method is used to determine the adsorption/

desorption properties of DNDs toward hispidin. It is found that hispidin forms strong conjugates with DNDs, and the use of

various eluents does not result in a significant release of the adsorbed hispidin molecules. DND-bovine serum albumin (BSA)

complex, where DNDs serve as a carrier for the protein and the latter acts as a hispidin sorbent, has been developed and applied

in hispidin adsorption/desorption tests. The results support the use of the DNDs as a carrier for hispidin in medical applications.

They also advocate the application of the DND-BSA complex for isolating the substance from fungal extracts.
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Introduction

Physicochemical properties of nanodiamonds produced

by explosive synthesis define their wide applicability for

biotechnological and biomedical purposes [1-3]. First of

all, they include polymorphic and easily tailored surface,

low toxicity and high biocompatibility. The results of

various studies enabled to formulate several directions

within which the application of detonation nanodia-

monds for biological and medical purposes is currently

under way. The main attention is focused on the use of

DNDs in separation and purification of proteins, reus-

able indication and biochemical diagnostics systems, tar-

geted delivery of biologically active substances, detoxifi-

cation sorbents and development of therapeutics of com-

bined and prolonged action [2-7]. 

One of the topical areas of modern biotechnology is the

discovery of new sources of natural raw materials for

obtaining target products demanded in medicine, biology

and pharmaceutical industries. In particular, in many

countries of the Asia-Pacific region a vast research is

undergoing to study the pharmacological activity and the

practical use of compounds synthesized by basidiomy-

cetes [8-10]. Among such compounds, hispidin has

attracted a great deal of attention. Hispidin, a secondary

metabolite presented in a number of edible and medici-

nal mushrooms, has been found to possess distinct bio-

logical effects, including antioxidant, anti-inflammatory,

antitumor and cytoprotective properties. Hispidin

(C13H10O5) fails under the class of phenolic compounds,

its molecular weight is 246.21 g/mol. Studies of the prop-

erties of hispidin are carried out using the synthesized

substance or that isolated from fungal extracts [11, 12]. 

In this study the interaction of DNDs with synthetic

and natural hispidin was investigated. Two goals were

pursued: to check the applicability of DNDs as a sorbent
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for separation of hispidin from fungi and as a potential

carrier in delivery system of this substance. It is known

that hispidin interacts with a number of proteins [11, 12].

This fact motivated us to develop DND-BSA complex,

where DND was a carrier for the protein while the latter

acted as a sorbent for the hispidin molecules. Bovine

serum albumin, a serum albumin protein derived from

cows, has been widely used as a template to synthesize

nanostructures [13]. To our knowledge, the result of this

work is the first illustration of the use of DND for sepa-

ration of hispidin from fungal extracts.

A Pholiota species, which is widely distributed in tem-

perate regions, was chosen as a natural source of hispi-

din. Majority of Pholiota sp. are edible and medicinal

mushrooms, they are wood parasites. Compounds extracted

from the fruiting bodies of Pholiota sp. display a variety

of important biological activities, such as antitumor [14],

anti-HIV-1and antioxidant activities [15, 16]. It was revealed

that the fruiting bodies of Pholiota sp. contained hispidin [17].

Determination of the hispidin content in fungal extracts

is a complex and multi-stage procedure. The most com-

monly used method, which is based on recording the

retention time on the columns in high-performance liq-

uid chromatography, requires specialized equipment and

expertise, as well as it is a time consuming process [18].

Recently [19], for a quantitative evaluation of hispidin in

solutions we proposed the luminescent analysis method

which is based on the fact that hispidin is involved in

fungal bioluminescence as a precursor of luciferin [20].

The bioluminescence of fungi is found to be a two-stage

process. First, hispidin is reduced by an NAD(P)H-

dependent enzyme to a luciferin. In the second stage, the

luciferin is oxidized by molecular oxygen under lucifer-

ase catalysis to emit visible light [20]. 

Stability of the luminescent system isolated from lumi-

nous fungus Armillaria borealis and high sensitivity of

the bioluminescent reaction allows carrying out multiple

analyte detection with a limit of 1.3∙10-11 grams. A linear

dependence of the luminescent response on hispidin in

the concentration range of 5.4∙10-5 –1.4∙10-2 μM was

shown [19]. Using the bioluminescence method allows

determining the concentration of hispidin in solutions and

analyzing the adsorption/desorption properties of DNDs

towards the substance. 

Experimental

Nanodiamonds

Detonation nanodiamonds (0-150 grade powder) acquired

from Real-Dzerzhinsk LLC (Russia) was used in this

study as the starting material. In order to remove surface

impurities and improve colloidal stability, the starting

DNDs were treated using a patented modification proce-

dure [21]. A suspension was prepared by adding deion-

ized water (Milli-Q system, Millipore U.S.A.) to the

modified DND powders at concentration of 3 wt%. Frac-

tionation was performed using a centrifuge 5415R

(Eppendorf, Germany) to obtain two stock samples. The

sample named “S” (small) was a supernatant collected

after centrifugation of the DND suspension at 16000 g

for 30 min at 10oC. The “L” (large) sample was the resi-

due remained. The obtained samples were dried, weighed

and stored at room temperature before use. Unimodal

particle size distributions in water were determined with

the dynamic light scattering technique using a Zetasizer

Nano ZS (Malvern Instruments Ltd., UK). The data were

averaged over 6 measurements, 30 runs each performed

on 0.1 wt.% DND suspensions at 25°C. The measured

average particle size of S fraction was 48.3 ± 4.2 nm,

while L showed to be 342.7 ± 13.3 nm.

In vitro luminescence system 

Finely crushed mycelium of Armillaria borealis (IBSO

2328 from CCIBSO 836 collection, IBP SB RAS, Rus-

sia) was used as the inoculum. Mycelium pellets were

cultivated in 300-ml flasks containing 100 ml of nutrient

medium (potato extract - 200 g/L, dextrose - 20 g/L) for

about 20 days at 24oC under continuous agitation using a

Max Q 4000 incubating shaker (Thermo Scientific, U.S.).

Then mycelium was washed with water, scissored into

pieces, placed into a cooled 0.1 M phosphate buffer solu-

tion (pH 7.0) containing 1% BSA (Serva, Germany) and

homogenized ultrasonically (ultrasonic device Volna

UZTA 0.63/22–0, Russia) in ice bath. The sonication was

performed three times, 10 s each with 1 min interval. The

homogenate was centrifuged at 40000 g for 30 min at

4oC (Avanti® J–E centrifuge, Beckman–Coulter, U.S.).

The supernatant (cold extract) containing components of

the luminescence system was placed into MCT-150-C

microtubes (Axygen Scientific, Inc., U.S.) and frozen at -
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80°C in a Sanyo Biomedical Freezer, model MDF –

U333 (SANYO Electric Co., Ltd., Japan). 

Hispidin sources

Synthetic hispidin acquired from Sigma-Aldrich, U.S.

and hot extracts from Pholiota sp. were used as the hispi-

din sources. The hot extracts from Pholiota sp. were pre-

pared as follows. Freshly harvested fruiting bodies were

rinsed in distilled water to remove impurities, crushed in

a mortar with pestle and transferred into a heat resistant

glass. Deionized water was added to the biomass (1:4,

water: biomass, v/v), then the sample was placed into the

microwave oven (MW 712BR, Samsung, Malaysia) and

heated until boiled. The sample was cooled on ice and

centrifuged at 20000 g for 30 min at 4oC. The superna-

tant was filtrated through a 10 kDa membrane, freeze

dried and stored at a temperature of -20oC. Just before

use, the freezing was thawed and diluted 50 times with

DI water.

Luminescence measurement

An aliquot of the cold extract (50 µl) in MCT-200-C

microtubes was placed in a Glomax® 20/20 luminome-

ter (Promega Bio Systems Sunnyvale, Inc., U.S.) and

2.5 µl 10 mM NADPH (Serva, Germany) was added to

trigger the luminescent reaction. After the luminescence

reached the constant level, 2.5–5 µl of the testing probe

was injected and luminescence was monitored in real-

time. Light emission was expressed as relative light units

(RLU). 

DND-BSA complex

Before the immobilization of BSA, the surface of

DNDs was chemically activated with p-benzoquinone to

provide sites for covalent bounding of the protein. The S

fraction was used in these experiments. A phosphate buf-

fer (20 mM, pH 8.0) and 100 mg of hydroquinone dis-

solved in 1 ml of aqueous ethanol (20%) were consequently

added with stirring to an aliquot (5 ml) of DND suspen-

sion and the mixture was incubated for 2 h at room tem-

perature under stirring. To remove unreacted components,

DNDs were collected by centrifugation at 16000 g for 10

min at 10oC and the sediment was washed with DI water

followed by several cycles of washing with 1 M NaCl,

centrifugation and rinsing with water. 

BSA protein dissolved in 50 mM Na-bicarbonate buf-

fer (рН 8.0) was mixed with the activated DND suspen-

sion (the protein to DNDs ratio - 1:2 (w/w)). The mixture

was kept overnight at 4oС under continual stirring. DNDs

with the immobilized protein were collected by centrifu-

gation at 16000 g for 10 min at 10oС. The precipitate was

repeatedly washed with NaCl solution (0.25 M) to remove

unbound proteins. The amount of protein in the superna-

tants was determined from the peak absorbance at 280 nm

using the UV-1800 spectrophotometer. The measured

adsorption capacity of DNDs towards BSA calculated as

difference between the protein concentration in the initial

BSA solution and supernatant was show to be 0.25 mg of

protein per 1 mg of DNDs.

Adsorption of hispidin on DNDs and DND-BSA

complex

To obtain DND-hispidin conjugates, 200 or 400 µl of 3

wt% DND suspension was added to 1 ml of aqueous

solutions of synthetic hispidin (0.33 µM) into Eppendorf

vials. The vials were shaken at ambient temperature for

10 min to ensure equilibrium adsorption. To precipitate

DND particles, the mixture was centrifuged at 16000 g

for 10 min at 10oС. The residue was washed by centrifu-

gation with DI water in order to remove unbound hispi-

din molecules. The hispidin solution with no DNDs was

used as the control sample. 

The DND-BSA complex suspension (about 0.5 g of

BSA immobilized on 2 g of DNDs) or DND suspen-

sion (2 g of DNDs) was added to 1 ml of the Pholiota

sp. hot extracts and incubated for 15 min at room tem-

perature. The mixture was slowly supplemented with

ammonium sulfate solution the final concentration of 110

mg/ml and centrifuged at 16000 g for 20 min at 10oС.

The supernatant obtained was used to determine the amount

of non-adsorbed hispidin. 

Results and discussion

The presence of hispidin in Pholiota sp. was con-

firmed by comparing fluorescence and absorbance spec-

tra of aqueous solutions of hispidin and the fungal

extract. As seen from Fig. 1-2, both compounds display

similar maximum of fluorescence and absorbance at 525

and 357 nm, correspondingly.
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DND-hispidin conjugates

The results of adsorption experiments presented in Fig.

3 display a high affinity of DNDs towards the synthetic

hispidin. Judging by the difference between the light

emission intensities measured on the initial and DNDs

treated samples, about 75% and 85% of hispidin mole-

cules was adsorbed on DNDs from the hispidin solution

when 200 and 400 µl of 3 wt% DND suspensions, respec-

tively, were used.

Adsorption experiments with the Pholiota sp. hot

extracts were also revealed a high binding capacity of

DNDs to natural hispidin. After treatment with DNDs,

the luminescence of hot extracts was decrease by 65-70%

implying a significant amount of hispidin molecules were

bound to the surface of DND particles. In these adsorp-

tion tests the volume of extracts and mass of S and L

fractions were identical. Interesting is the fact that the

adsorption of natural hispidin on DNDs does not depend

on the particle scale, since the both fractions displayed

similar adsorption capacity although the values of their

average diameters differ by more than seven times. It

contradicts the well-known “size effect” observed in a

number of studies on adsorption of various substances on

nanodiamonds [22]. 

The desorption experiments were carried out on DND

conjugates with the synthetic and natural hispidin using

the phosphate buffer, NaCl and CaCl2 as an eluent. It was

found that neither of the reagents allows a meaningful

release of the adsorbed hispidin molecules (both type of

hispidin – synthetic and natural) from the DND surface.

To check the possibility of pH mediated desorption, the

titration experiments were conducted using 1 M HCl, and

1 M NaOH solutions to adjust the pH of the eluent solu-

tions to 2, 3 and 9 values. It was observed that applying

the alkaline solution did not lead to desorption of hispi-

din. The use of solutions with low pH resulted in release

from DNDs a relatively small amount of the adsorbed

synthetic hispidin molecules (about 0.2%). 

DND-BSA-hispidin conjugates

Adsorption properties of DND-BSA complexes were

found to be similar to those of the bared DND particles.

As shown in Fig. 4, the luminescence of Pholiota sp. hot

extract after treatment with DND-BSA complexes amounts

to about 23% of that recorded on the control sample.

Thus, more than 77% of natural hispidin molecules con-

tained in the initial extract was bound by DND-BSA

complexes. 

However, desorption behavior of hispidin attached to

DND-BSA complexes is noticeably different compared

Fig. 1. Fluorescence of synthetic hispidin solution and Pholiota

sp. hot extract.

Fig. 2. Absorbance spectra of synthetic hispidin solution and

Pholiota sp. hot extract.

Fig. 3. Luminescence of supernatants obtained after adsorp-

tion experiments with DNDs and synthetic hispidin: 1 - 200

µl of DND suspension, 2 - 400 µl of DND suspension.
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to that observed on DND-hispidin conjugates. Fig. 4

shows the luminescence intensity of supernatants which

were collected after successive treatment of the obtained

DND-BSA-hispidin conjugates with different eluents:

two times with 2 M phosphate buffer (pH 7.0) followed

with 4 M NaCl solution. Each time the residue was

resuspended in the eluent, stirred with shaker for 5 min

and centrifuged at 16000 g for 10 min at 10oС. The

supernatants thus obtained were tested to determine the

eluted hispidin.

As seen from the Fig. 4, the use of phosphate buffer

resulted in elution of hispidin. The first desorption run

released about 13% of the adsorbate. The second treat-

ment of DND-BSA-hispidin conjugates with the same

eluent also removed adsorbed hispidin from DNDs but

with fewer yield. The total amount of the eluated hispi-

din due to successive desorption in phosphate buffer

accounts for 21%. Addition of NaCl did not lead to

desorption of detectable amount of hispidin. 

As has been shown above, hispidin displays a high

affinity to DNDs and forms strong conjugates with the

particles. This can explain why only a relatively small

fraction of adsorbed hispidin molecules was released

from DND-BSA complexes in desorption experiments.

We assume that upon mixing DND-BSA complexes with

hispidin, available binding centers on the DND surface

are first occupied with hispidin molecules and thus not

involved later on in the adsorption process. The remain-

der part of hispidin molecules are absorbed on BSA and

can be then desorbed with corresponding eluent. Thus,

the use of previously treated DND-BSA complexes with

already occupied (at least partially) adsorption sites on

DNDs can result in an enhanced desorption of the bound

hispidin. To check the assumption, the DND-BSA com-

plexes, which have been used in the experiments described

above, were treated with the fungal extracts following the

same procedure (adsorption, then desorption with the

phosphate buffer). The results on adsorption and desorp-

tion with the previously treated DND-BSA complexes

are presented on Fig. 5. About 66% of natural hispidin

molecules contained in the initial extract was absorbed

by DND-BSA complexes from which more than 37 %

were desorbed. 

Conclusions

The interaction of detonation nanodiamonds with syn-

thetic and natural hispidin containing in extracts from

Pholiota sp. fungus was investigated in this study. The

bioluminescence method based on the use of in vitro

luminescent system, which was isolated from the fungus

Armillaria borealis, was applied to detect the hispidin

content. Adsorption experiments revealed a high affinity

of hispidin to DND particles. It was found that the hispi-

Fig. 4. Maximum luminescence measured in experiments

with DND-BSA complexes and natural hispidin: Control –

initial hot extract, 1 – extract after treatment with DND-

BSA complexes, 2 – supernatant after first treatment of

DND-BSA-hispidin conjugates with phosphate buffer, 3 –

supernatant after second treatment of DND-BSA-hispidin

conjugates with phosphate buffer, 4 – supernatant after

treatment of DND-BSA-hispidin conjugates with NaCl solution.

Fig. 5. Luminescence measured in experiments with the

previously treated DND-BSA complexes and natural hispidin:

Control – initial hot extract, 1 – supernatant after adsorp-

tion, 2 – supernatant after treatment of DND-BSA-hispidin

conjugates with phosphate buffer.
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din molecules were strongly attached to the DND sur-

face and the use of a phosphate buffer, NaCl and CaCl2

solutions, as well as aqueous alkaline and acid solutions

did not result in a meaningful release of adsorbed hispi-

din from DNDs. The mechanisms that enable such strong

and irreversible attachment of hispidin to DNDs are

unclear and require further investigation. DND-BSA

complex, where DNDs serve as a carrier for the protein

while the latter acts as a sorbent for the hispidin mole-

cules, was developed and applied in hispidin adsorption/

desorption tests. The use of the phosphate buffer resulted

in desorption of hispidin from DND-BSA complexes,

while addition of NaCl did not lead to release of the sub-

stance. The amount of hispidin eluted in two successive

desorptions accounts for 21% of the total adsorbed mole-

cules. The secondary use of the previously treated DND-

BSA complexes enhanced desorption of the bound hispi-

din. The results obtained suggest the application of

DNDs as a carrier of hispidin in medical application

while DND-BSA complex can be employed for its isola-

tion from fungal extracts.
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