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Introduction: To present a safer tumor therapy based on bacteria and identify in detail how the activation and infection behavior of
spores can be controlled remotely by near-infrared light (NIR-irradiation) based on nanoheaters’ modification.

Methods: Spores bring a better tolerance to surface modification. Transitive gold-nanorods-allied-nanoclusters-modified spores
(Spore@NRs/NCs) were constructed by covalent glutaraldehyde crosslink. The photothermal properties of nanoheaters before and
after attachment to spores were studied by recording temperature—irradiation time curves. The controlled viability and infection
behavior of Spore@NRs/NCs were investigated by NIR-irradiation.

Results: In this work, a controllable sterilizing effect to activated vegetative bacteria was obtained obviously. When met with
a suitable growth-environment, Spore@NRs/NCs could germinate, activate into vegetative bacteria and continue to reproduce.
Without NIR-irradiation, nanoheaters could not affect the activity of both spores and vegetative bacterial cells. However, with NIR-
irradiation after incubating in growth medium, nanoheaters on spores could control the spores’ germination and affect the growth curve
as well as the viability of the vegetative bacterial cells. For Spore@NRs/NCs (Spore:NCs:NRs=1:1:4, 67.5 pg mL "), a ~98% killing
rate of vegetative bacterial cells was obtained with NIR-irradiation (2.8 W cm 2, 20 min) after 2 h-incubation. In addition, these
nanoheaters modified on spores could be taken not only to the vegetative bacteria cells, but also to the first-generation bacteria cells
with their excellent photothermal and bactericidal performance, as well as synergetic anticancer effect. NIR-irradiation after 2
h-incubation could also trigger Spore@NRs/NCs (1:1:4, 6 uL) to synergistically reduce the viability of HCT116 cells to 15.63£2.90%.
Conclusion: By using NIR-irradiation, the “transitive” nanoheaters can remotely control the activity of both bacteria (germinated
from spore) and cancer cells. This discovery provides basis and a feasible plan for controllable safer treatment of bacteria therapy,
especially anaerobes with spores in hypoxic areas of the malignant solid tumors.

Keywords: transitive nanoheaters, modified spores, NIR-remotely triggered, controlled sterilization, hyperthermia, adjustable activity
behavior

Introduction
Malignant tumor is one of the global public health problems endangering human health, which has become a leading
cause of death every year." Although conventional therapy methods, including radiotherapy, chemotherapy and surgery,
have achieved good therapeutic effects, it is still lack of effective treatment methods for nearly half of the patients with
advanced cancer due to their intolerance to surgery, insensitivity to radiotherapy/chemotherapy drugs, or even the
frequent recurrence and metastasis after recovery.” So an increasing number of experts have begun to study the causes
of tumor formation and the developmental characteristics of tumors, in order to find out new strategies to realize highly
targeted, more efficient and minimal or non-invasive therapy on tumor.’

Tumor has specific microenvironment characteristics that are different from normal tissues, such as typical inflam-
mation, hypoxia, high content of reducing substances and mildly acidity (low pH), that provide targets for tumor
therapy.* It has been demonstrated that the disordered/irregular vascular distribution and vascular defects endow tumor
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tissue a hypoxia in the inner site,” which hinders the effective transportation of drugs and greatly reduces the efficacy of
radiotherapy/chemotherapy.®® However, this hypoxia in tumor provides a suitable environment for anaerobic bacteria
growth. Therefore, targeted reproduction of anaerobic bacteria in hypoxia of tumor tissue”'® can be used for tumor
targeting therapy with better biocompatibility and more efficient motion compared with synthetic materials.'
Bacteriotherapy had been already proposed for tumor treatment for more than 200 years.'? Since then, many bacteria
have been applied in oncolytic treatments, such as Salmonella, Escherichia coli, Listeria, Bifidobacterium, etc.'*'* In
this regard, bacteria can act as tumor therapeutic agent directly with their own substances (bacteriocin, peptides, toxin,
enzymes and antibiotics)'® as immunotherapeutic agents that can cause immune response, as a vehicle for target
delivery.'¢'®

Even though anaerobe'® or anaerobe combined with chemotherapy,
24,25

2021 radiotherapy?® and immunotherapy>> present

a remarkable targeting and efficient therapeutic effect to tumors, there is still a risk of infection raising safety
concerns.”®*® In order to get a safer use of anaerobe on tumor therapy, some genetically engineered bacteria have been
constructed to reduce cytotoxicity.””*® Additionally, some functional antibacterial or tumor-targeted nanomaterials have

31

also been introduced and modified on bacteria surface by some works. Tumor-targeted aptamer,”" tumor-specific

% or tumor cell-derived membrane™ are modified on bacteria to improve the homologous-targeting tumor

antigen,’
localization, reduce inflammatory reaction, and slow down bodily elimination. Functional antibacterials are also used
to control the activity of bacteria, or even simultaneously act as tumor agents to bring a better synergistic treatment effect
by combining with photothermal therapy (PTT),**>° hydroxyl radicals generation,’” tumor metabolism coupling,*®
DNA*%/drug*®*!/inhibitor** loading, or other mechanisms.****

However, how the antibacterial nanomaterials that modified on bacteria control the bioactivity of bacteria is still lack
of investigation and description in detail. Moreover, modification process with specific antibacterial materials might also
affect the activity of bacteria, especially anaerobe. Spore is a self-protective mechanism of bacteria under malignant
conditions such as high temperature or low nutrients.'”> Spores are highly tolerant and stable to adverse situations. They

are the dormant period of bacteria, which can germinate into vegetative bacterial cells when the environment suitable for
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bacterial growth is encountered.*’ Therefore, spore is a wonderful candidate for bacteriotherapy due to its better
resistance compared to vegetative bacterial cells, especially for nanomaterial modification.

Hereby, we chose Bacillus subtilis (B. subtilis 10275), a kind of nonpathogenic and spore-forming bacterial strain, to
act as the living bacterial model to establish gold nanoheaters-modified spore, Spore@NRs/NCs. It is expected that the
nanoheaters-modified Spore@NRs/NCs could target tumor tissues and revert to vegetative bacterial cell when meet their
suitable growth environment, then the vegetative bacteria may colonize and compete for nutrients to inhibit the growth of
tumor cells. Furthermore, the viability of nanoheaters-modified spores and their infection behavior to tumor cells can be
remotely controlled with NIR irradiation by hyperthermia based on the nanoheaters attached to the spores. A synergistic
killing of tumor cells could also be observed that being provided by the hyperthermia of nanoheaters. It is expected that
the use of nanoheaters-modified Spore@NRs/NCs provides a better resistance to biological microenvironment and
a highly tumor-targeted property and avoids the risk of bacteriotherapy.

Materials and Methods
Major chemical reagents: chloroauric acid tetrahiydrate (HAuCl;-HCI-4H,O, AR), L(+)-ascorbic acid (AA, AR),
glutaraldehyde 25% aqueous solution (BR) were obtained from Sinopharm Chemical Reagent Co. Ltd, China.
Hexadecyl trimethyl ammonium bromide (CTAB, AR) was received from Aladdin Reagent Co. Ltd, China. Sodium
tetrahydroborate (NaBH,, 96%) and hydrochloric acid were purchased from Tianjin Damao Chemical Reagent Co. Ltd,
China. Silver nitrate (AgNO3, AR), bovine serum albumin (BSA, 96% purity), poly(sodium 4-styrenesulfonate) (PSS,
Mw ~70,000) and poly(allylamine hydrochloride) (PAH, Mw ~15,000) were purchased from Sigma-Aldrich LLC, USA.
Ultra-pure water was used throughout the experiment.

Bacterial nutrient culture medium (pH 7.0) contained 0.3 g beef power (Aobox, BR), 0.5 g tryptone (Oxoid, BR), 0.5
g sodium chloride (Sinopharm, AR), 10 pL of manganese sulfate solution (MnSO4-H,0, 0.5% w/v, Sinopharm) and 200 uL of
sodium hydroxide solution (NaOH, 1.0 mol L™', Sinopharm) in every 100 mL of ultra-pure water. Agar power (Aobox, BR,
1.5 g/100 mL) was additionally added to obtain solid growth medium. Bacterial mediums were aseptic before use.

Phosphate buffer solution (PBS, pH 5.5, 6.0, 7.0) for nanomaterial-preparation and spore modification was obtained
by mixing a certain volume of Na,HPO, (0.2 mol L") and NaH,PO, (0.2 mol L") solutions. The pH value was adjusted
and controlled by a Delta 320 pH meter (Mettler Toledo, Switzerland).

The Characterization of Nanoheaters and Nanoheaters-Modified Spores

Absorption spectra were recorded by a Varian Cary 100 UV-visible spectrophotometer (Agilent Technologies, USA) with
a 1 cm quartz cell and a data interval setting of 1 nm with a scan speed of 600 nm min~' within 200-900 nm.
Fluorescence and excitation-emission-matrix spectra were recorded by a Nicolet-6700 FT-IR spectrometer (Thermo Ltd,
USA) within 300-700 nm with a scan speed of 2400 nm min '. Transmission electron microscopy (TEM) images were
obtained by using an H7560 microscope (Hitachi Ltd, Japan) operated at 80 kV and a Tecnai G2 20 microscope (Philips,
Holland) operated at 200 kV. The surface charges of materials were acquired with a Malvern Zetasizer Nano ZS-
ZEN3690 (Malvern, England). A Near-Infrared Ray (NIR) laser of 808 nm (Changchun New Industries Optoelectronics
Technology Ltd, China) was used as a light source with adjustable power.

The Preparation of Spore

Bacteria culture. The bacterial model B. subtilis 10275 was purchased from China Center of Industrial Culture Collection
(CICC) China. A fresh B. subtilis 10275 solution was obtained by inoculating 50 pL of the second-generation bacteria
into a 50-mL nutrient culture medium solution containing Mn”* (pH 7.0), and growing in the shaker (200 rpm) for 19 h at
37°C, then stored at 4°C for counting and subsequent use.

Spore preparation. Three hundred microlitres of fresh B. subtilis 10275 solution was inoculated on the growth solid
medium (15 cm-culture dish) with Mn?* (pH 7.0) and incubated in the incubator at 37°C for 7 days. After the incubation,
the spore of B. subtilis 10275 was scraped and collected in a 15-mL centrifuge tube, after washing twice with PBS, the
spore was re-dispersed in 10 mL PBS. To further break down and remove the active B. subtilis bacterial cell from spores’
solution, the spore was boiled with 80°C bathing for 30 min followed by washing thrice with water and then re-dispersed
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in PBS (pH 7.4), stored at 4°C for counting and further use. The prepared spore needed to be washed with PBS every
week and could be used for 3 months. During the spore preparation process, all the centrifuge tubes and solutions were
aseptic. Spore production rate is 85.3%, which can be calculated by dividing the number of the obtained spores by the
number of bacteria used for spore production. The number of B. subtilis 10275 vegetative bacteria cell and spore were
obtained by plate count method.

The Preparation of Nanoheaters-Modified Spores

Nanoheaters preparation. Nanoheaters were prepared by previous method that are briefly described as follows: Au nanorods. Au
nanorods were synthesized by the seed-mediated and silver (I)-assisted growth method.*® The seed solution was prepared by
rapidly adding a freshly prepared ice-cold NaBH, solution (0.01 mol L™, 0.6 mL) into a 10 mL CTAB solution (0.1 mol L")
containing HAuCl, (0.1 mol L™, 0.25 mL), followed by strong stirring for 3 min then kept at 30°C for 1.5 h. After that, 0.04 mL
seed solution was added into 86.94 mL CTAB growth solution with HAuCl, (0.1 mol L™, 3.5 mL), AgNO; (0.01 mol L™,
0.8 mL), HCI (1.0 mol L', 1.5 mL), AA (0.1 mol L™!, 0.64 mL) in it, and then incubated at 27°C overnight. The obtained Au
nanorods were centrifuged (9000 rpm, 10 min) to remove redundant CTAB twice, then re-dispersed in water and the absorbance
of the re-dispersed solution was adjusted to 4.0 following incubation with PSS (20 mg mL ') overnight. The mixture was
centrifuged (7000 rpm, 10 min) twice, re-dispersed in water and continually incubated with PAH (20 mg mL™") overnight.
Polymer-modified Au nanorods (AuNRs-PSS-PAH) were obtained after centrifugation (7000 rpm, 10 min) twice and re-
dispersed in water.

Au nanoclusters. Ten milliliters of HAuCl, (0.01 mol L™") was slowly added into 10.0 mL of BSA solution (50 mg
mL ") with strong stirring for 2 min. Then, 0.5 mL NaOH (1.0 mol L") was added in it and stirred at 37°C overnight. The
obtained orange supernatant was centrifuged (12,000 rpm, 10 min) and then dialyzed in a dialysis bag (Mw 8000-14,000).*
The BSA-coated Au nanoclusters (BSA-AuNCs) were obtained.

Nanoheaters-modified spores. The spore (1 x 10'° cfu mL™") of B. subtilis 10275 solution (1.0 mL) was diluted with
4.0 mL of PBS (pH 5.5) and then activated by 1.0 mL of 5% w/v glutaraldehyde solution for 1 h. After that, the mixture
was washed thrice with PBS (pH 5.5) buffer (4500 rpm, 30 min) and re-dispersed in 5.0 mL PBS (pH 5.5) buffer. Later,
a series volume of prepared AuNRs-PSS-PAH solution was added in the above diluted spore solution. An hour later,
1.0 mL of prepared BSA-AuNCs solution was added into the mixture and incubated overnight in dark. The nanoheater
modified spore (Spore@NRs/NCs) was obtained after centrifugation (4000 rpm, 20 min), washed twice and re-dispersed
in 5.0 mL sterile ultra-pure water. The obtained Spore@NRs/NCs were stored at 4°C for further use.

The Photothermal Conversion Property of Nanoheaters Before and After Modified

on Spores
Photothermal effect. A specific device (Figure S1) was used to investigate the photothermal conversion property of
nanoheaters before and after modification onto spore. One millilter of nanoheaters-modified spores (Spore@NRs/NCs)
with different Spore:NCs:NRs ratio (1:1:0.5, 1:1:1, 1:1:2, 1:1:4) were irradiated by 808 nm NIR laser at different power
(1.9,2.2,2.5,2.8 W cm ) within 20 min. The temperature changes were recorded. Then, 1.0 mL of water, corresponding
equivalent AuNRs-PSS-PAH and Spore@NRs/NCs (1:1:4, 2.7 ug pL™') were irradiated by NIR laser (808 nm,
2.8 W cm ). The temperature changes were recorded.

Photothermal stability. The photothermal stability of nanoheaters-modified spores (Spore@NRs/NCs, 1:1:4, 2.7 ug uL ™)
was also evaluated by recording the temperature changes during and after NIR irradiation (808 nm, 2.8 W cm 2, 15 min).

The Controllable Activity of Spores After Being Modified with Nanoheaters

Growth curve. Five microliters of B. subtilis 10275 spore, Spore@NRs/NCs (1:1:4, 13.5 pg) before and after 20 min-NIR
irradiation (2.8 W cm %) were respectively added into the prepared sterilized glass test tube with 5.0 mL of bacterial
nutrient culture medium. Totally 60 tubes after inoculation were incubated in the shaker (200 rpm) for 40 h at 37°C. The
optical densities at 600 nm (ODg(() were recorded every 2 h for each sample and plotted to get the growth curve.
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Controlled bactericidal performance. Five microliters of Spore@NRs/NCs (1:1:4, 13.5 ug) were cultured in 5.0 mL
of nutrient culture medium at 37°C, and irradiated by an 808 nm laser (2.8 W cm 2, 20 min) after different incubation
time (0, 1, 2, 3, 4, 5 h). Spore@NRs/NCs were inoculated onto solid medium for counting after irradiation.

Five microliters of Spore@NRs/NCs with different Spore:NCs:NRs ratio (1:1:0.5, 1:1:1, 1:1:2, 1:1:4) were cultured
in 5.0 mL of nutrient culture medium at 37°C, respectively. Then, the cultured Spore@NRs/NCs were irradiated by NIR
laser with different power density (1.9, 2.2, 2.5, 2.8 W c¢m ?). After irradiation, the Spore@NRs/NCs were inoculated
onto solid medium for counting.

The Controlled Safety and Antitumor Effect of Nanoheaters-Modified Spores
Cell culture. Human colon cancer cell (HCT116) was chosen as cancer model cell and purchased from Shanghai
Genechem Co., Ltd with standard survey report. HCT116 cells were cultivated and maintained in McCoy’s SA medium
(Procell Life Science&Technology Co., Ltd, China) containing 10% w/v fetal bovine serum (FBS, Gibco Sera, Life
Technologies, Australia) without penicillin-streptomycin in incubator at 37°C under 5% CO,, then the standard Cell
Counting Kit-8 (CCK-8, ApexBio Technology LLC, USA) assay was performed to detect the cell viability.

Controlled antitumor properties of Spore@NRs/NCs. HCT116 (4x10* cells) were cultured and then seeded in a 96-
well plate and incubated in 37°C, 5% CO, for 24 h. After that, the cell culture medium was removed and the cells were
washed twice with PBS buffer (pH 7.4). One hundred microliters of serum-free McCoy’s 5A medium containing
a corresponding number of spores, Spore@NRs/NCs were added into the prepared HCT116 cells and incubated in
37°C, 5% CO, for some time, then irradiated by 808-nm laser (2.8 W cm_z, 20 min). After being cultured in incubator
for 4 h, 10 uL of CCK-8 was added into all the groups, the results were tested by automatic microplate reader at 450 nm.

The cell viability (or bacteria viability) under the conditions of different dosage of Spore@NRs/NCs (2.7 ug or 13.5
pg) with different Spore:NCs:NRs ratios (1:1:2 and 1:1:4) and different incubation time (2 or 4 h) were investigated
following the upper process. The corresponding concentration of spore was chosen as a control group to remove the
interference of CCK-8 signal produced by activated vegetative bacterial cells. Each group had three parallel samples.
Serum-free McCoy’s SA medium was used as a blank.

Results and Discussion

Design and Characterization of Nanoheaters-Modified Spores

Anaerobic bacteria can target the hypoxic areas within solid tumors, which is expected to address the negative impact of
hypoxia on tumor prognosis, but there is still a risk of bacterial infection. Even though some works have already been
done by using nanomaterials to reduce the risks, the stable modification (such as a covalent binding) of nanomaterials on
bacteria, especially anaerobic bacteria, is still a complex process, which has challenges and needs to be improved. In this
context, a well-tolerated spore was chosen and acted as a model of bacteria, to simplify, regularize and stabilize the
modification of bacteria with nanomaterials.

In the present work, a kind of nanoheaters-modified spores were constructed to make the cancer therapy based on
bacteria more simple, safer and more controllable. It should be noted that in order to simple the modification and the
bacterial anticancer process, we chose a nontoxic probiotic, acrobic bacterium that produce spores, Bacillus subtilis as
bacteria model, a classic photothermal agent gold-based nanomaterials as nanoheaters, to systematically and in detail
study the bactericidal behavior of nanoheaters after attached on spore, as well as the additional anticancer property.
Meanwhile, unfortunately, because of aerobic bacteria selection, solid tumor experiments in vivo could not be carried out.
However, it could still provide a detailed data for the antitumor-study in vivo with spore-producing anaerobic bacteria in
the future.

Scheme 1 illustrates the composed process of Spore@NRs/NCs and their controlled anticancer treatment process.
Firstly, a nutritional deficiency approach was adopted to get the spore of B. subtilis, and the typical nanoheaters
(polymers modified gold nanorods and nanotracer gold nanoclusters) were chosen and synthesized according to the
published literature. Afterwards, a simple and convenient method, glutaraldehyde crosslink, was used to attach the
amino-modified nanoheaters (NRs/NCs) onto the well-tolerated spore of B. subtilis to form nanoheaters stable modified
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Scheme | Schematic illustration of the transitive nanoheaters-modified spores and their NIR-remotely adjustable activity in antitumor mechanism.

spore, Spore@NRs/NCs. When the Spore@NRs/NCs are in a suitable growth environment, they can take the nanoheaters
and germinate to vegetative bacteria cell and continue to reproduce. The controlled bactericidal and antitumor properties
of the obtained Spore@NRs/NCs were investigated by using human colon cancer cell (HCT116) as cancer model cells.

Firstly, the nanoheaters-modified spores, Spore@NRs/NCs, were synthesized and characterized. After preparation, AuNRs
with uniform size were obtained and continue to be modified with (—)/(+)-charged polymers. The zeta potential of polymers-
modified AuNRs (AuNRs-PSS-PAH) decreased from 28.7+1.3 mV to —35.2+1.0 mV and then increased to 39.3+1.8 mV, which
indicated the successful modification of negatively charged polymer PSS and positively charged polymer PAH (Figure S2A).
Simultaneously, BSA-stabilized AuNCs (BSA-AuNCs) were synthesized with a red fluorescence at ~610 nm wavelength
(Figure S2B). In the present work, the use of well-tolerated spore made the modification conditions of nanoheaters to bacteria not
so harsh. A simple and stable glutaraldehyde crosslinking method was used to link the nanoheaters and nanotracers onto the
spore. On the one hand, glutaraldehyde can help to kill the living vegetative bacterial cells and further to purify the spore. On the
other hand, it can provide covalent and tight attachment of nanoheaters NRs/NCs onto spores’ surface, which is equivalent to
putting a “time bomb” on bacteria and is the basis of controlled sterilization. It was observed that, after crosslinking, the
absorption spectra of Spore@NRs/NCs had the specific longitudinal absorption of NRs at 814 nm (Figure 1A) and the
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spectra of AuNCs, Spore and Spore@NRs/NCs, inserts are fluorescence images of Spore@NRs/NCs (1:1:2, top one) and (I:1:4, bottom one). (C—F) TEM images of spore
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fluorescence emission of NCs (Figure 1B). The surface morphological features of spores before and after nanoheaters’
modification had been observed by transmission electron microscopy (TEM). The TEM images showed clearly that the native
spores of B. subtilis had a smooth surface (Figure 1C and D). While after modification, the nanoheaters obviously appeared to the
surface of the spores, which verified that the nanoheaters had adhered to the spores’ surface uniformly (Figure 1E and F). All the

above data demonstrated that the nanoheaters-modified spores were successfully synthesized.

The Transitive Property of Nanoheaters That Modified on Spores

The usage of spore in bacterial therapy for cancer can effectively simplify the process of spore modification with
bactericidal nanomaterials and improve the modification efficiency, but there are still two tricky problems needed to be
investigated and solved. One question is whether the nanomaterials can be passed on to progeny bacteria; the other is
a suitable timing of NIR irradiation in the triggered sterilization.

Theoretically, the PTT effect produced by the gold-based nanoheaters attached to the spores could not affect and
inhibit the activity of the spores in Spore@NRs/NCs due to the spores’ strong heat resistance. While only when the
spores are placed in a suitable vegetative environment and germinate into vegetative bacterial cells, their activity can be
controlled by nanoheaters. If the spores belong to the anaerobic bacteria, then this growth conditions-triggered spore
germination can well target the hypoxic area inside the tumor. Anyhow, this requires that the nanoheaters are still left on
the bacteria surface during the spore germination, and also can be transitive and passed to the activated vegetable
bacterial cells, and still can control the activity of the vegetable bacterial cells by PTT effect with NIR irradiation.

To prove the assertion of “transitive” property of the nanoheaters on spores’ surface, three stages of Spore@NRs/NCs
(Figure 2A), activated vegetative bacterial cel@NRs/NCs (Figure 2B and C) and first generation of vegetative bacterial
cells (Figure 2D) have been analyzed with TEM. TEM images demonstrated that after the spores germinated into
vegetative bacterial cells, the surfaces of activated vegetable bacterial cells were still covered by many nanoheaters
(Figure 2B and C). Surprisingly, the next generation (first) of the activated vegetable bacterial cells was also covered by
nanoheaters although the number of the nanoheaters was less than that on the parental activated vegetable bacterial cells
(Figure 2D). Compared with previous work, it provided clear evidence that proved and confirmed the “transitive”
behavior of nanoheaters attached to spore. Due to the special di-fission propagation mode of bacteria, the nanoheaters on
spores can be transitive and passed to the activated vegetative bacterial cells or even to the next generations. Therefore,
the bactericidal performance of nanoheaters based on PTT under NIR irradiation can also be transitive.

Spore A ey C Activated
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c

AR ol 8
512 =
2|3 s|&
ElS 512
e [3) ©
o | Tl c
o °
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Figure 2 Transitive nanoheaters. TEM images of Spore@NRs/NCs (A), activated vegetative bacterial cel@NRs/NCs (B and C) and first generation of vegetative bacterial
cell@NRs/NCs (D).
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The Photothermal Conversion Property of Nanoheaters Before and After Modified

on Spores

Photothermal effect produced by nanoheaters is the main force for sterilization, and gold-based nanomaterials, especially
AuNRs, are ideal photothermal agents. Later on, the photothermal conversion property of nanoheaters on Spore@NRs/
NCs with different Spore:NCs:NRs ratios (nanoheaters’ amount) was investigated in detail (Figure 3A).

It was demonstrated that the larger amount of nanoheaters adhesion and higher laser density applied, the better
photothermal conversion efficiency would be provided by Spore@NRs/NCs. The temperature of Spore@NRs/NCs with
Spore:NCs:NRs ratio of 1:1:4 raised rapidly to ca. 48°C within a short laser irradiation time of 20 min by using 2.8
W cm 2 power intensity (Figure 3B). The photothermal conversion efficiency of nanoheaters was not significantly
affected by covalent modification. Even modified on spore, the nanoheaters could still exhibit a high photothermal
conversion efficiency and gave a temperature raising to 47°C only under 15 min-NIR irradiation of 2.8 W ¢cm 2, which
was a little bit lower than the temperature of nanoheaters before modification (Figure 3C). It should be noted that 47°C
was the temperature of the Spore@NRs/NCs solution, while the AuNRs that attached to the spore could produce
hyperthermia to destroy the bacterial wall/membrane to kill bacteria, which had already been demonstrated by previous
work.*® In additional, 47°C is soft and suitable for cancer treatment in vivo instead of higher temperature above 50°C.*°
All the data in this part indicated that the PTT effect of Spore@NRs/NCs had a potential of bacterial and cancer
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Figure 3 Photothermal conversion property. (A) Bright and fluorescence field images of Spore@NRs/NCs with different Spore:NCs:NRs ratios. (B) Photothermal conversion
performances of Spore@NRs/NCs (2.7 ug uLf') with different Spore:NCs:NRs ratios under different laser power. (C) Photothermal conversion performances of water,
nanoheaters before and after being attached to spore. (D) Photothermal cycling test of Spore@NRs/NCs (1:1:4, 2.7 pg uL ") under irradiation (2.8 W cm 2, |5 min).
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treatment. Notably, the nanoheaters after being attached to spores still retained not only a good photothermal conversion
efficiency but also a favorable photothermal stability. Figure 3D illustrated that, even after five heating and cooling
cycles, the temperature produced by PTT based on nanoheaters AuNRs-PSS-PAH on spore barely had any downward
trend.

The Controllable Activity of Spores After Being Modified with Nanoheaters

It is mentioned before that in order to control and inhibit the activity of spore, the timing of NIR irradiation is very
important. This is because as bacteria proliferate through di-division, the nanoheaters attached to spore or passed to the
activated bacterial cells will become less and less, may even be too few to effectively inhibit bacterial activity. So the
controlled activity of Spore@NRs/NCs by PTT based on nanoheaters NRs/NCs was investigated by studying the bacteria
viability under different NIR irradiation conditions at a specific timing.

Figure 4A shows the growth curves of spore before and after nanoheaters modification, as well as the NIR irradiation.
It was demonstrated that nanoheaters attachment alone did not affect the spore germination and proliferation of
B. subtilis. However, NIR irradiation inhibited the activity of Spore@NRs/NCs and shortened their logarithmic phase.
Within the first 6 h, the spore or activated B. subtilis cells grew slowly, and then they went into logarithmic growth,
which indicated that the time point for NIR irradiation that could control the Spore@NRs/NCs activity by the attached
nanoheaters might lie in this beginning incubation time range.

In order to find out the exact time point of NIR irradiation for controlling the activity of Spore@NRs/NCs, the
bacteria viabilities under NIR irradiation were checked out at every 1 h of the beginning 5 h incubation time. The data
showed that, in the growth culture medium, without NIR irradiation, the Spore@NRs/NCs germinated to vegetative
bacterial cell (B. subtilis@NRs/NCs) and then proliferated, thus the bacteria viability increased regularly (Figure 4B,
Spore@NRs/NCs group). However, by applying NIR irradiation after different incubation time, the bacteria viability
showed a different trend. Applying NIR irradiation before incubation, there was no significant effect on Spore@NRs/NCs
viability. While applying NIR irradiation after 1 h, 2 h and 3 h of incubation, good bactericidal abilities of nanoheaters on
spore were obtained. But as continued to increase the incubation time before NIR irradiation in Spore@NRs/NCs-NIR
group, the bacterial survivability significantly increased again and was not very different from that of the non-NIR
irradiation group (Figure 4B, Spore@NRs/NCs-NIR group).

This maybe because that at the beginning of incubation, the PTT effect produced by nanoheaters on spores could not
kill the spores because of their strong tolerance. However, along the incubation time increase, parts of the nanoheaters-
modified spores (Spore@NRs/NCs) converted to the vegetable bacterial cells (B. subtilis@NRs/NCs), and the activated
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Figure 4 Timing of NIR irradiation. (A) Growth curve of spore, Spore@NRs/NCs (1:1:4, 2.7 pg p.Lf') before and after NIR irradiation (2.8 W em 2, 20 min). (B and C)
Agar plate images and bacteria viability of Spore@NRs/NCs (I:1:4) with NIR irradiation (808 nm, 2.8 W cm 2, 20 min) at different time nodes.
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vegetable bacterial cells could be killed by the PTT effect of nanoheaters under NIR irradiation. But as the
B. subtilis@NRs/NCs continued to proliferate, there were too much more bacterial cells in the system and the
nanoheaters on bacterial cells get fewer and not enough to inhibit bacterial activity. Of these, NIR irradiation after 2
h incubation exhibited the best controlled bactericidal property and provided only a small bacterium viability of 6.74
+1.61% (Figure 4B and C). From this, it can be considered that after 2 h incubation in growth culture medium, most of
Spore@NRs/NCs were germinated to B. subtilis@NRs/NCs but had not yet to produce the next generation. And the
nanoheaters attached on the activated bacterial cells could inhibit bacterial activity by PTT effect. Therefore, it could be
concluded that the best timing of NIR irradiation for Spore@NRs/NCs to control their own activity is after 2 h-incubation
in culture.

Further studies derived how the dosage of nanoheaters that attached to spore and power intensity affect the controllable
bactericidal property of Spore@NRs/NCs. When NIR irradiation after 2 h incubation, both the Spore@NRs/NCs with ratios
of 1:1:2 and 1:1:4 showed good controllable bactericidal effect (Figure 5A, Figure S3), which was consistent with the
photothermal conversion efficiency. The controllable bactericidal efficiency became better along with the increase in the
amount of nanoheaters and the power of NIR irradiation. Similar bacterial killing rates of Spore@NRs/NCs with ratios of
1:1:2 (78.25%1.56%) under 20 min NIR irradiation and 1:1:4 (78.12+1.56%) under 10 min NIR irradiation were produced.
The nanoheaters on the Spore@NRs/NCs with ratio of 1:1:4 could control the bacteria viability low to 2.06+1.24% under
20 min NIR irradiation (2.8 W cm ?) (Figure 5B and C). Compared with the free NRs,* the nanoheaters modified on spores

still exhibited a wonderful bactericidal efficiency. This demonstrated the excellent ability triggered by NIR of Spore@NRs/
NCs to control their own activity.

The Controlled Safety and Antitumor Effect of Nanoheaters-Modified Spores
Human colon cancer cell (HCT116) was chosen as a cancer cell model to evaluate the controlling infection behavior and
antitumor property of nanoheaters-modified spores under NIR irradiation. Figure 6A shows the treatment process of
Spore@NRs/NCs to colon cancer HCT116 cells. In order to remove the interference of the active bacterial cells, the
corresponding concentration of spores was also chosen as control. The cell viability of each sample was detected by
CCK-8 assay. Because different inoculation amounts of Spore@NRs/NCs would affect the growth cycle of spore and
bacteria, the dosage of Spore@NRs/NCs and the needed incubation time with HCT116 cells were optimized and
compared in a small range based on the data of controlled bactericidal property we had got before.

It was demonstrated that after being added into the HCT116 cells, the Spore@NRs/NCs could be germinated and
activated into vegetative B. subtilis cells taking with nanoheaters together by the nutrient-rich cell culture medium firstly
and then reproduced. As extracellular bacteria and a kind of probiotics without cytotoxicity but not pathogenic bacteria,
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Figure 5 Controlled bactericidal property. (A) Agar plate images of antibacterial effect provided by Spore@NRs/NCs with different ratios. (B and C) Bactericidal
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B. subtilis@NRs/NCs grow outside the cell (Figure S4), and can only affect the viability of cancer cells by competing for
the nutrition. The germination and growth of the added Spore@NRs/NCs caused the lack of nutrition and inhibited the
proliferation and viability of HCT116 cells. It could be predicted that without the controlling of NIR irradiation, the
activated vegetative B. subtilis cells would continue to grow by consuming the nutrition in the cell culture medium, and
finally result in the death of HCT116 cells. While with the NIR irradiation, the activity of B. subtilis@NRs/NCs could be
controlled by nanoheaters, which had been already verified in Figure 4.

It further showed that NIR irradiation triggered PTT effect could not only control the activity of bacterial cells but
also present a synergistic effect of cancer cell treatment. Spore@NRs/NCs with Spore:NCs:NRs of 1:1:4 presented
a much better photothermal effect, antibacterial performance and synergistic antitumor effect. And, 20 min-NIR
irradiation (2.8 W cm ?) after 2 h co-incubation with HCT116 cells could trigger the nanoheaters on Spore@NRs/NCs
(1:1:4, 6 pL) effectively to synergistically affect the viability of HCT116 cells, kept the cancer cell viability low to 15.63
+2.90%. The more dosage of Spore@NRs/NCs and the more nanoheaters adhered on the spores, the better antitumor
efficiency of Spore@NRs/NCs exhibited under NIR irradiation (Figure 6B). By continuously investigating the viability
of HCT116 and B. subtilis@NRs/NCs, both good bactericidal efficiency (9.08+1.59%) and antitumor efficiency (18.26
+2.27%) under NIR irradiation after 2 h co-incubation were obtained. However, with NIR irradiation after 4 h co-
incubation, only the viability of HCT116 could be limited to 5.69+1.59%, while the B. subtilis@NRs/NCs grew out of
control (Figure 6C). That meant with co-incubation more than 4 h, the “transitive” nanoheaters on the bacterial cells
could not effectively play their bactericidal performance and control bacterial activity as well as infection behavior
because of the weak PTT effect provided by the less adhesion amount on the breeding bacterial cells. It indicated that it
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was important to select the timing of NIR irradiation for safer treatment of tumor based on nanoheaters-modified
bacteria. In addition, the further decrease in cancer cell viability also suggested that the Spore@NRs/NCs (or
B. subtilis@NRs/NCs) could inhibit cancer cell growth through nutrient competition. By comparing with the growth
curve of Spore@NRs/NCs, it was demonstrated that the nanoheaters modified on spore could control the activity of
activated vegetative bacterial cells as well as the first generation of vegetative bacterial cells and had a good synergistic
therapeutic effect on cancer cells. It indeed provided a safer strategy for bacterial therapy on tumor by attaching the
bactericidal nanoheaters on spore as controllable elements.

Conclusion

In conclusion, we construct a nanoheaters-modified spore (Spore@NRs/NCs) acting as a model of bacterial therapy to
show the controlled behavior of spore/bacteria for presenting a much safer tumor therapy based on bacteria. By
glutaraldehyde crosslink, the nanoheaters can not only be successfully covalently attached to spores’ surface but also
be “transitive” from the spores to the activated vegetative bacterial cells or even to the first generation of the activated
bacterial cells. NIR irradiation at a specific time point can trigger the photothermal conversion of nanoheaters on spores,
remotely control the bioactivity of spore/bacteria. Meanwhile, the nanoheaters-modified spores also present a wonderful
synergistic antitumor effect controlled remotely by NIR irradiation. Our current work establishes a much safer and easier
modified candidate, spore, for the bacteria therapy used in tumor treatment. The combination of spores and glutaralde-
hyde crosslinking method proposed in this paper can be widely used in the stable modification of bacteria by different
kinds of functional nanomaterials, further improve and broaden the application of bacteria therapy. These discoveries
provide a new strategy and detail evidence for controllable and much safer cancer treatment of bacteria therapy, which
can be further applied to targeted treatment for hypoxic areas of the malignant solid tumors by anaerobes with spores.
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