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a b s t r a c t

Theranostic carbon dots (CDs) have attracted widespread attention recently due to their tunable optical

properties and diverse bioactivities. Beyond fluorescent imaging application, the photothermal property

endows CDs with the potential for microbial inactivation. However, realization of the effective conver-

sion between fluorescence and heat in one CD system has rarely been reported. Herein, we provide a

simple strategy for targeted microbial theranostics based on 4-carboxyphenylboronic acid-derived CDs

(PCBA-CDs) which possess concentration-dependent photoluminescence/photothermal features. At lower

concentrations, PCBA-CDs show bright and stable fluorescent signals ranging from blue to green. The

fluorescence intensity gradually decreases with increasing concentration, while on the contrary, the pho-

tothermal effect of PCBA-CDs ascends progressively due to the rearrangement of electronic transitions in

aggregated CDs. PCBA-CDs also demonstrate high affinity to the polysaccharide structures on the surface

of microbe which allows rapid microbial fluorescence imaging as well as specific photothermal ablation

of pathogens in skin wounds using PCBA-CDs at lower and higher concentrations, respectively. This study

supplies a facile nanotheranostic strategy for just-in-time microbial management using bioactive CDs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pathogenic microbial infection is one of the most serious

threats to human health in the world today. The diseases caused

by fungi and bacteria exhibit varying degrees of harm to the

human body, with severe pathogen infections potentially resulting

in fatality [1]. Thus, the prompt detection and timely treatment of

hazardous pathogenic microorganisms hold immense significance

for both public health and epidemiological research. The diagnosis

and treatment of pathogens has been extensively investigated

in clinical settings [2]. Methods commonly used for identifica-

tion of pathogen infection include morphological observation,

polymerase chain reaction (PCR) and serological tests, which are

often constrained by the expensive equipment, complex training

requirements and lengthy detection periods [3–5]. Fluorescence

imaging benefiting from its high sensitivity, operability, and

convenience has been developed as a non-invasive and efficient

technique for real-time monitoring of pathogenic microorganisms

[6–8]. On the other hand, the elimination of pathogenic bacteria
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after visualization contributes to prevent further infection in time,

which however is rarely completed using current fluorescent

probes. Therefore, it is imperative to amalgamate diagnostic and

therapeutic approaches for pathogenic microorganisms in order to

enhance the efficacy of rapid eradication in cases of pathogenic

microbial infections.

Recently, collaborative strategies that integrate photothermal

therapy (PTT) with real-time fluorescence diagnostic methods have

been actively pursued owing to the efficient, noninvasive and easy-

to-operate properties [9–11]. PTT typically employs near-infrared

(NIR) light-absorbing agents that convert laser energy into heat,

inducing irreversible cellular damage to pathogenic microorgan-

isms and circumventing drug resistance [12,13]. This renders PTT

an optimal choice in conjunction with fluorescence imaging for

the theranostic of pathogenic infections. To date, the reported PTT

agents have predominantly focused on noble metal nanoparticles

and NIR organic dyes such as indocyanine green and IR780 [14,15].

However, these materials exhibit certain limitations, including in-

adequate thermal stability, potential toxicity associated with heavy

metal elements, low absorption coefficients within the red to NIR

spectral range, and the possibility of visceral deposition [16–19].
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Carbon dots (CDs), as an emerging type of carbon nanomateri-

als, have demonstrated their potential in fluorescence imaging and

PTT function for the treatment of microorganisms [20–23]. Fluo-

rescent CDs offer distinct advantages in bioimaging and microbial

identification due to their excellent biocompatibility, adjustable op-

tical characteristics, and remarkable photostability stability [24–

29]. Till date, several groups have reported different fluorescence

emissive CDs and them were successfully employed in bioimag-

ing [30–32]. However, the single fluorescence imaging still could

not satisfy the urgent demand in accurate treatment of pathogenic

microorganisms. In recent years, CDs have emerged as promising

candidates for photothermal therapy in various biomedical appli-

cations [33,34]. Several approaches have been proposed to modu-

late the optical and photophysical properties of CDs, including tun-

ing the degree of carbon core conjugation and surface engineer-

ing, which achieves red-shift absorption and facilitates efficient

photothermal conversion [35–38]. Compared to conventional pho-

tothermal nanomaterials, CDs possess several advantages including

low toxicity, excellent water solubility, cost-effectiveness, and have

demonstrated successful applications in the photothermal treat-

ment of pathogenic microorganisms [39,40]. However, the integra-

tion of fluorescence imaging and photothermal therapy poses a

significant challenge their inherently opposing optical properties,

making it arduous to combine in a single material system. Previous

studies on CDs only focused on their fluorescence imaging or PTT

application separately, while development of CDs with both fluo-

rescence and PTT capabilities has not been particularly considered

[41–45].

In this study, a kind of 4-carboxyphenylboronic acid-

derived carbon dots (PCBA-CDs) with microbe-targeted and

photoluminescence-photothermal convertible features is supplied

for pathogen theranostics. The surface of PCBA-CDs is plentiful

of boric acid residues that have been considered as the effective

ligands for the polysaccharide structures of microbial cell wall

[46]. The photoluminescence (PL) characteristic of PCBA-CDs is

concentration-dependent, where the fluorescence emission grad-

ually redshifts from blue, green to yellow with the concentration

of PCBA-CDs increases, along with the corresponding fluorescence

intensity decreases. We then perceive an elevating photothermal

phenomenon during this process, which can be attributed to the

aggregation of CDs through hydrogen bonding and electrostatic in-

teraction, resulting in the rearrangement of electronic transitions.

In view of this, we provide a strategy for targeted microbial ther-

anostics based on PCBA-CDs using their concentration-regulated

photoluminescence/photothermal features. At low concentration,

PCBA-CDs can serve as an efficient fluorescent nanoprobe for fast

morphological analysis of fungi. At high concentration, PCBA-CDs

exhibit excellent photothermal conversion efficiency that achieves

an inhibition rate of Gram-positive bacteria up to 99% under

808nm NIR irradiation. And the targeted PTT based on PCBA-

CDs is finally completed on the bacteria-infected skin wound.

Therefore, PCBA-CDs support a simple theranostic strategy for

rapid detection of microbial infection and subsequent pathogen

elimination.

Carbon dots with functional boronic acid groups were prepared

by the microwave method using PCBA, citric acid (CA) and urea as

precursors (Fig. S1 in Supporting information). As shown in Fig. S2

(Supporting information), the morphology of PCBA-CDs was char-

acterized using transmission electron microscope (TEM), demon-

strating that the PCBA-CDs were torispherical and uniformly dis-

tributed in solution (Fig. S2a). The high-resolution TEM (HRTEM)

image displays a lattice spacing distance of 0.21nm, which corre-

sponds to typical 〈100〉 facet in graphite (Fig. S2b) [47,48]. Fig. S2c

shows that the average diameter of PCBA-CDs is 3.9 nm with distri-

bution ranges from 2.5nm to 5.5 nm, which is in accordance with

Gaussian function. The X-ray diffraction (XRD) pattern displays a

broad peak centered at 22° (Fig. S2d) corresponding to the typical

peak of CDs as previously reported [44]. The surface structure and

composition of the PCBA-CDs were then investigated by spectro-

scopic techniques. The Fourier transform infrared spectroscopy (FT-

IR) spectrum of the PCBA-CDs exhibits distinct absorption bands

at 1350, 1179 and 1056 cm−1, which can be attributed to B-O

stretching vibration, B-O-H bending vibration and C-B stretching

vibration, respectively (Fig. S2e) [49,50]. The band located at 1650

cm−1 is ascribed to C=C stretching vibrations. The broad absorp-

tion bands from 3350 cm−1 to 3500 cm−1 indicate the presence of

amino (-NH2) and hydroxyl (-OH) functional groups on the surface

of PCBA-CDs. The full X-ray photoelectron spectroscopy (XPS) sur-

vey scan in Fig. S2f indicates that the PCBA-CDs mainly consist of C

1s, N 1s, O 1s and B 1s. In the high resolution XPS C 1s, four fitting

peaks at 283.5, 284.8, 285.9 and 288.2 eV corresponding to the C-B,

C–C/C=C, C–N/C–O and C=O, respectively (Fig. S2g) [51]. The O 1s

spectrum (Fig. S2h) can be fitted into two peaks, which probably

be assigned to C=O (531.7 eV) and graphitic N (533.2 eV), respec-

tively. The two fitting peaks of B 1s XPS at 191.2 and 192.4 eV are

attributed to B-C and B-O bonds, which are well in agreement with

the FT-IR data (Fig. S2i) [52]. The solutions containing PCBA-CDs

were analyzed for zeta potential values using dynamic light scat-

tering (−6.7mV), in accordance with the previously reported typi-

cal potential value of boric acid-modified CDs (Fig. S3 in Support-

ing information) [53]. These data show the PCBA-CDs are compos-

ing of nano-scale graphite-like cores functionalized with boronic

acid groups.

Then the photoluminescence properties of the PCBA-CDs were

investigated at different concentrations. As shown in Fig. S4 (Sup-

porting information), a concentration-dependent PL behavior of

the PCBA-CDs is observed, where the CDs aqueous solution un-

der 365nm ultraviolet (UV) light displays continuous redshift

PL emission from 0.001mg/mL to 50mg/mL. The fluorescence

emission spectra reveal a redshift in the optimal PL peak from

432nm to 582nm as the concentration of PCBA-CDs increases from

0.01mg/mL to 10mg/mL, accompanied by a gradual decrease in

fluorescence intensity (Fig. 1a). As illustrated in Fig. S5 (Support-

ing information), the excitation-emission matrices of PCBA-CDs vi-

sualizes this transfer process of fluorescence, where three emis-

sion centers (blue, green and yellow) are noticed. We can also ob-

serve a new center at higher wavelength region gradually emerges

as the concentration increases, which may reflect the aggregation

phenomenon of PCBA-CDs, resulting in decreased the effective op-

tical band gap (Eg) and PL redshift [54]. We further compared the

emission and excitation spectra of PCBA-CDs at varying concentra-

tions. As shown in Fig. S6 (Supporting information), the red shift

of the luminescence center and the enhancement of the excita-

tion peak intensity are consistent with the classical phenomenon

of J-aggregates, indicating that PCBA-CDs predominantly form J-

aggregates at high concentrations conditions [55].

The ultraviolet–visible (UV–vis)-NIR absorption spectra and flu-

orescence spectra of PCBA-CDs at different concentrations revealed

a concentration-dependent energy transfer process from photolu-

minescence to NIR absorption, as evidenced by the increase in

light absorption across the ultraviolet to near-infrared and decrease

in fluorescence emission intensity (Figs. 1a and b). These findings

have significant implications for the potential application of PCBA-

CDs in PTT [56,57]. The photothermal experiments of PCBA-CDs

were then carried out, as illustrated in Fig. 1c. A concentration-

dependent temperature elevation is observed in the PCBA-CDs so-

lution under 808nm (1.5W/cm2, 5min) laser irradiation, and the

temperature rises to about 45 °C at the concentration of 1mg/mL,

which is enough for a mild hyperthermia PTT. The temperature

does not change significantly after five laser on/off cycles, indicat-

ing a stable photothermal effect of PCBA-CDs (Fig. S7 in Supporting

information). Fig. 1d shows a schematic diagram of concentration-

2



Y. Chen, A. Liu, B. Yang et al. Chinese Chemical Letters 35 (2024) 109295

Fig. 1. Concentration-dependent optical features of PCBA-CDs. (a) Fluorescence spectra of PCBA-CDs solutions with concentrations of 0.01, 0.1, 1.0, 5.0 and 10mg/mL under

the excitation of 380nm. (b) UV–vis-NIR absorption spectra of PCBA-CDs solutions with different concentrations. (c) Temperature elevations of PCBA-CDs aqueous disper-

sions with different concentrations under 808-nm laser irradiation (1.5W/cm2). (d) Scheme of the concentration-induced energy transfer in PCBA-CDs. The red wavy lines

symbolize heat generated from the nonradiative decay of electrons at the LUMO level. DFT calculations of PCBA-CDs with increasing aggregation. (e) Molecular structures of

the three models and (f) calculated LUMOs and HOMOs of PCBA-CDs, PCBA-CDs dimer, and PCBA-CDs trimer (from left to right).

induced energy transfer process in PCBA-CDs. When the excited

electrons of dispersed PCBA-CDs transit back to the highest occu-

pied molecular orbital (HOMO), energy can dissipate through the

radioactive decay to generate fluorescence-emission signals. Due to

the wide band gap of PCBA-CDs at low concentration, excitation of

electrons to lowest unoccupied molecular orbital (LUMO) by NIR

laser is not feasible, resulting in a lack of absorption capacity for

dispersed PCBA-CDs in the NIR region. However, when the con-

centration of PCBA-CDs increases, the asymmetric orbital profiles

and reduced energy gap promote the respective energy levels of

different PCBA-CDs to overlap spatially. Thus, NIR laser can excite

electron transitions and energy dissipate through the nonradiative

decay to generate heat.

To reveal the concentration-dependent luminescence mecha-

nism of the PCBA-CDs exactly, we simulated three molecular struc-

tures using first-principle calculations: PCBA-CDs, the dimer of

PCBA-CDs, and the trimer of PCBA-CDs, as shown in Fig. 1e. Ge-

ometric optimization, frequency and Eg calculations of the three

molecular structures were performed using the hybrid density

functional B3LYP with 6–31G(d, p) basis set in the density func-

tional theory (DFT) calculations [58]. The geometrically optimized

as well as the LUMO and HOMO distributions of the three molecu-

lar structures are shown in Fig. 1f. The calculated Eg of the molecu-

lar structures are 3.98, 3.42, and 3.18 eV, respectively. Based on the

above results, a possible formation process of PCBA-CDs produc-

ing concentration-dependent fluorescence emission is proposed.

Under solvothermal conditions, the dehydration of citric acid and

urea produces fluorophore on PCBA [59]. The π-conjugated hex-

atomic ring bridges the oxygen-associated electron-donating func-

tional groups, forming a donor-π-conjugated acceptor structure in

the fluorophore. With the increasing concentration of PCBA-CDs,

the PCBA-CDs monomer forms dislocated face-to-face dimers and

trimers through hydrophobic interactions and π-π stacking, indi-

cating the gradual formation of J-aggregates [60]. When the con-

centration further increases, the aggregation degree of PCBA-CDs

gradually increases, and the fluorophores between the aggregations

begin to form tetramers or even multimers, so the PL wavelength

further red-shifts to yellow emission. We transformed the UV–vis-

NIR absorption spectra of PCBA-CDs at various concentrations into

Tauc curves and subsequently determined the alterations in the Eg.

These changes were mutually confirmed with theoretical calcula-

tions, as depicted in Fig. S8 (Supporting information), where the

Eg values of PCBA-CDs at 0.1, 0.5, 1.0, 2.0, and 4.0mg/mL were cal-

culated as 2.65, 2.36, 2.16, 1.86, and 1.72 eV, respectively. This re-

sult demonstrates that the effective Eg values steadily drop as the

concentration increases owing to the quantum confinement effect.

Therefore, the data theoretically explain the phenomenon that the

emission wavelength of PCBA-CDs can be tuned in the large visible

region by simply adjusting the concentration.

Cytotoxicity of PCBA-CDs was measured by cell counting kit-

8 (CCK-8) assay before bio-applications. The cell viabilities of 3T3

cells exposed to PCBA-CDs are higher than 85% even at a concen-

tration of up to 5.0mg/mL (Fig. S9 in Supporting information). Sim-

ilar result is also verified by the hemolysis test (Fig. S10 in Sup-

porting information), indicating a good biocompatibility of PCBA-

CDs.

Microscopic examination is often used for the preliminary

detection of pathogenic fungi in clinical practice, and fluorescent

reagents can assist clinicians achieving rapid morphological de-

tection of fungi. With this background, the fluorescence imaging

ability of PCBA-CDs at low concentrations for fungal morphology

was investigated using yeast and filamentous forms, two common

fungal forms, as the models. It can be observed from the Fig. 2a

that the Saccharomyces cerevisiae (S. cerevisiae) and Schizophyllum

commune (S. commune) cells are rapidly illuminated by PCBA-CDs

through a wash-free staining method, where the morphologies of

individual cells can be clearly distinguished. We can also observe

that fungal cells emit blue and green fluorescence signals after

being stained with 0.01 and 0.1mg/mL of PCBA-CDs, respec-

tively, confirming the concentration-related fluorescent emission

of PCBA-CDs in vitro. In comparison, the bioimaging effect of

0.1mg/mL of PCBA-CDs is better than that of 0.01mg/mL. For

morphological analysis, S. cerevisiae cells are spherical and tend

to cluster together, while the S. commune cells show rare spores,
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Fig. 2. Rapid microbial morphologic observation using fluorescent PCBA-CDs at

lower concentrations. (a) Fluorescence images of S. cerevisiae and S. commune af-

ter staining with PCBA-CDs at 0.01 and 0.1mg/mL, respectively. (b) The fluorescent

stability of PCBA-CDs for S. commune imaging, compared to commercial FB-33 dye.

(c) Schematic diagram of the targeted mechanism of PCBA-CDs to microbe. Scale

bars: 20 μm.

obvious hyphal separation, and typical lock-like association and

acicular protrusions. The imaging effect of PCBA-CDs was then

compared with that of commercial fluorescein reagent FB-33. As

demonstrated in Fig. 2b, the fluorescence images of S. commune

cells stained with PCBA-CDs are more readable with eye-friendly

color and low background. Additionally, the fluorescence signals of

PCBA-CDs exhibit enhanced stability compared to FB-33 during a

5-min observation period, thereby establishing them as superior

candidates for long-term bioimaging. We speculate that the fast

and high-quality fluorescence imaging might be ascribed to the

targeting capacity of PCBA-CDs whose functional groups (boric

acid residues) display a high affinity to the glucan composition on

the surface of fungi (Fig. 2c) [61].

In order to explore the in vitro photothermal ability of PCBA-

CDs at higher concentrations, photothermal antibacterial tests

were performed on Gram-positive and Gram-negative bacteria

using PCBA-CDs at 1mg/mL. Under NIR laser treatment (808nm,

1.5W/cm2), PCBA-CDs exhibit a broad spectrum of antibacterial

activity against both types of bacteria (Fig. 3a). For comparison,

the antibacterial effect of PCBA-CDs on Gram-positive bacteria

such as Staphylococcus aureus (S. aureus) and Listeria monocyto-

genes (List) is more pronounced, which is calculated to be 99%

(Fig. S11 in Supporting information), much higher than that on

Gram-negative Escherichia coli (E. coli) and Pseudomonas aeruginosa

(P. aeruginosa) (∼80%). Calcein-AM/propidium iodide (PI) live/dead

staining assay also confirms the better photothermal antibacterial

capacity of PCBA-CDs to Gram-positive bacteria (Fig. 3b). We

further speculated the action mechanisms of PCBA-CDs against the

two types of bacteria in order to explain the differential antibac-

terial effect. It has been considered that boric acid can efficiently

bind to the peptidoglycan structures on the cell walls of bacteria

[62]. However, the peptidoglycan layer of Gram-positive bacteria

is much thicker than that of Gram-negative bacteria. Therefore,

we consider that more PCBA-CDs are adhered to the surface of

Gram-positive bacteria, leading to enhanced antibacterial efficacy

under NIR laser exposure (Fig. 3c).

We finally performed the PCBA-CDs-based NIR PTT on bacterial

infected skin wounds in vivo. All animal procedures were in accor-

dance with Institutional Animal Care and Use Committee (IACUC)

guidelines. The methods used in the experiment were approved

by the Animal Ethics Committee of South China Normal Univer-

sity. After NIR laser irradiation, the temperature of the skin wound

treated with PCBA-CDs (1mg/mL) rises to 45 °C (Fig. 4a), indicat-

ing a mild hyperthermia for photothermal treatment of infected

skin wound. Fig. 4b exhibits the photographs of the infected skin

wounds after NIR PTT during a 10-day observation, where gradu-

ally healing wound tissues in all groups are noticed. On day 10,

only 10.17% of the wound area remains in PCBA-CDs+NIR group,

Fig. 3. Photothermal antibacterial effect of PCBA-CDs in vitro. (a) Agar plate digital photographs of bacterial colonies after PCBA-CDs mediated NIR PTT. (b) The corresponding

calcein-AM/PI images of bacteria (scale bar: 20 μm). (c) Schematic diagram shows the differential antibacterial effect of PCBA-CDs to Gram-positive and Gram-negative

bacteria.
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Fig. 4. (a) Thermal images variations of mice treated with PCBA-CDs after NIR irradiation for 5min (1.5W/cm2, 808nm). (b) Photographs of the S. aureus infected skin

wounds on BALB/c mice during 10 days of observation (scale bar: 5mm) statistical analysis of (c) corresponding relative wound sizes. (d) Relevant alterations in wound size

over the course of time. (e) Photographs and (f) quantitative analysis of bacterial colonies from tissues of different treatment groups (n=3, ∗∗P < 0.01).

compared to 27.08% in control group (Fig. 4c), indicating that

NIR-induced mild hyperthermia based on PCBA-CDs can enhance

the bacterial killing efficacy. The images of wounds at different

time intervals were then overlapped using Image J software. Com-

pared with control (infected wound without treatment) group, the

wound healing speed in PCBA-CDs+NIR group is significantly faster

(Fig. 4d). To further quantitatively evaluate the anti-infective per-

formance of PCBA-CDs-based PTT, the bacteria around the wounds

were cultured and counted after treatment. The PCBA-CDs+NIR

group presents the lowest number of bacterial colonies compared

with other infected groups (Figs. 4e and f). These results coincide

well with the data about skin wound size.

The wounds of skin were collected at the end of treatment

and evaluated by hematoxylin and eosin (H&E) staining. As shown

in Fig. S12 (Supporting information), the number of neutrophils

decreases significantly and newly formed vessels occur in the

PCBA-CDs+NIR group, which is similar to that of blank (uninfected

skin wound) group, while the inflammatory reaction is still severe

in the control and PCBA-CDs groups. Scanning electron microscopy

(SEM) was finally carried out to observe the morphologies of

bacterial cells after interaction with PCBA-CDs. As shown in Fig.

S13 (Supporting information), S. aureus cells without any treat-

ment (control group) remain intact membrane. When S. aureus

cells are treated with PCBA-CDs (1.0mg/mL) in the absence of

NIR irradiation, partial agglutination is observed on the cellular

surface, which may be due to the binding of PCBA-CDs to the

cell wall, but the morphology of the bacteria is not affected

indicating that the cells are almost viable. After treatment with

PCBA-CDs+NIR, sunken and collapsed S. aureus cells with wrin-

kled membranes are distinctly noted, confirming the excellent

photothermal inactivation of bacteria based on PCBA-CDs.

Biotoxicity is considered as a significant factor in the develop-

ment of antibacterial nanomaterials. The body weight of the mice

shows no noticeable weight loss after undergoing PCBA-CDs-based

NIR PTT (Fig. S14 in Supporting information). Blood biochemical

and histological analyses were also conducted to evaluate the bio-

compatibility of the as-prepared PCBA-CDs in vivo (Fig. S15 in Sup-

porting information). The parameters of white blood cells (WBC),

red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean

corpuscular volume (MCV) and mean corpuscular hemoglobin con-

centration (MCHC) in whole blood were selected to evaluate the

cytotoxicity of the PCBA-CDs by hematology assessment. The data

reveal that all the indicators are normal in the treatment group

compared with control group. The major organs like heart, liver,

spleen, lung and kidney were also collected for H&E staining. No

physiological lesions are observed (Fig. S16 in Supporting informa-

tion), which further confirms the in vivo safety of PCBA-CDs.

In conclusion, a type of CDs with boric acid group was devel-

oped by microwave method (PCBA-CDs). The optical properties

of PCBA-CDs are tunable via simply adjusting of their concen-

tration. PCBA-CDs can emit bright green fluorescence signals at

low concentrations (0.1mg/mL) while displaying promising NIR

photothermal features at high concentrations (1mg/mL), which

may be attributed to the energy transfer process caused by the ag-

gregation of CDs resulting in the rearrangement of electronic tran-

sitions in PCBA-CDs. This concentration-dependent photolumines-

cence/photothermal feature enables PCBA-CDs as novel nanoprobe

for microbial theranostics. In addition, the boric acid residues on

PCBA-CDs also show high affinity to the polysaccharide structure

on microbial cell walls. Therefore, fast and wash-free morpho-

logical fluorescence detection of microbes, as well as targeted

NIR PTT of infected skin wounds have been successfully achieved
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using PCBA-CDs at different concentrations. This strategy based on

PCBA-CDs with tunable optical properties is expected to bring new

approaches to the diagnosis and treatment of microorganisms.
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