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Materials and Methods 

Preparation of amino-N-GQDs1-3 

GQDs. Graphene oxide was prepared from a natural graphite powder (Bay carbon Inc., Bay City, MI, 

USA) using a modified Hummers’ method. Graphite (8.5 M) and NaNO3 (0.6 M) (Merck & Co., 

Kenilworth, NJ, USA) were mixed with H2SO4 (Sigma Aldrich Co., St Louis, MO, USA). KMnO4 (2.0 M) 

(FUJIFILM Wako Chemicals USA Inc., Richmond, VA, USA) was slowly added with continual stirring 

at 35 °C overnight. Subsequently, deionized water (ddH2O) was gradually added and continually stirred. 

H2O2 (Sigma Aldrich Co., St Louis, MO, USA) was added to terminate the reaction. Washing and 

centrifugation with ddH2O were performed several times, and the graphene oxide was collected. The 

as-prepared graphene oxide was placed in a tube furnace and heated to 400–600 °C in the presence of 

argon for 4–6 h; it was subsequently introduced to concentrated HNO3 (16.0 M) (Sigma Aldrich Co., St 

Louis, MO, USA) and stirred for 2 d. The mixture was placed in a sonicator for 2 d and subsequently 

placed in an oven at 160 °C for 1 d to vaporize all the liquid. Washing and centrifugation (83000 rpm; 

Optima TLX Ultracentrifuge, Optima TLX Ultracentrifuge, Beckman Coulter Inc., Danville, CA, USA) 

with ddH2O were conducted several times. The supernatant was filtered through a 0.22 μm microporous 

membrane. The pH of the resulting black suspension was tuned to 7.4 with NaOH, and GQDs were 

obtained. N-GQDs. Graphene oxide was prepared from a natural graphite powder (Bay carbon, SP-1) 

using a modified Hummers’ method. Graphite (8.5 M) and NaNO3 (0.6 M) were mixed with H2SO4. 

KMnO4 (2.0 M) was slowly added with continual stirring at 35 °C overnight. Subsequently, ddH2O was 

gradually added and continually stirred. H2O2 was added to terminate the reaction. Washing and 

centrifugation with ddH2O were performed several times, and the graphene oxide was collected. The 

as-prepared graphene oxide was placed in a tube furnace and heated to 400–600 °C in the presence of 

ammonia for 4–6 h; it was subsequently introduced to concentrated HNO3 (16.0 M) and stirred for 2 d. 

The mixture was placed in a sonicator for 2 d and subsequently placed in an oven at 160 °C for 1 d to 

vaporize all the liquid. Washing and centrifugation (83000 rpm) with ddH2O were conducted several 

times. The supernatant was filtered through a 0.22 μm microporous membrane. The pH of the resulting 

black suspension was tuned to 7.4 with NaOH, and N-GQDs were obtained. Amino-N-GQDs. Graphene 

oxide was prepared from a natural graphite powder (Bay carbon, SP-1) using a modified Hummers’ 

method. Graphite (8.5 M) and NaNO3 (0.6 M) were mixed with H2SO4. KMnO4 (2.0 M) was slowly 

added with continual stirring at 35 °C overnight. Subsequently, ddH2O was gradually added and 

continually stirred. H2O2 was added to terminate the reaction. Washing and centrifugation with ddH2O 

were performed several times, and the graphene oxide was collected. The as-prepared graphene oxide was 

placed in a tube furnace and heated to 400–600 °C in the presence of ammonia for 4–6 h; it was 

subsequently introduced to concentrated HNO3 (16.0 M) and stirred for 2 d. The mixture was placed in a 

sonicator for 2 d and subsequently placed in an oven at 160 °C for 1 d to vaporize all the liquid. Washing 

and centrifugation (83000 rpm) with ddH2O were conducted several times. The supernatant was filtered 

through a 0.22 μm microporous membrane. The pH of the resulting black suspension was tuned to 7.4 

with NaOH, and N-GQDs were obtained. Then, N-GQDs were mixed with ammonia, stored in a 
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Teflon-lined stainless steel autoclave, and reacted at 180 °C for 5 h. The resulting mixture was washed 

with ddH2O, centrifuged several times, and subsequently dried in an oven at 50 °C overnight. Eventually, 

amino-N-GQDs were obtained (Scheme S1A).  

                 

Scheme S1. The conceptual schemes of (A) the amino-N-GQD and (B) the amino-N-GQD-Ab. 

 

Characterization  

Materials were subject to transmission electron microscopy (TEM, JEOL 2100F and JEOL 3010, 

Akishima, Tokyo, Japan) observation. The height profile diagram, thickness and size of samples were 

determined by Atomic force microscopy (AFM, multimode 8, Bruker, Billerica, MA, USA). 

Fourier-transform infrared spectroscopy (FTIR), Ultraviolet-visible (UV-vis) spectroscopy, X-ray 

diffraction (XRD) and zeta potential spectra of samples were recorded by the spectrometers: RX1, 

PerkinElmer, Waltham, MA, USA; U-4100 Hitachi, Chiyoda-ku, Tokyo; Bruker AXS Gmbh, D2 Phaser, 

Billerica, MA, USA; and Malvern Nano-ZS90, Worcestershire, West Midlands, UK, respectively. Raman 

spectroscopy (DXR, Thermo Scientific, Waltham, MA, USA) was used to examine the crystallinity of 

samples with 532 nm laser. X-ray photoelectron spectroscopy (XPS, PHI 5000, VersaProbe, Chanhassen, 
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MN, USA) was employed to examine the surface chemistry of the materials, the O(1s)/C(1s) and 

N(1s)/C(1s) atomic ratios of materials. The PL signal was recorded by the spectrophotometer (F-7000, 

Hitachi, Chiyoda-ku, Tokyo, Japan).  

Bacterial cultures  

Bacillus subtilis (B. subtilis) obtained from our own laboratory were grown in nutrient agar of 

Luria-Bertani (LB) broth (per liter: tryptone 10g, yeast extract 5g, sodium chloride 10g, agar 15g, and pH 

tuned to 7.5) (Sigma Aldrich Co., St Louis, MO, USA) and incubated at 37 °C.  

Coating antibody  

The absorbance of a certain quantity of antibody [anti-TasA antibody (AbTasA) (abcam, Cambridge, UK) 

was recorded via UV-vis spectroscopy (Abs: approximately 203 nm)]. By the electrostatic interaction, the 

materials were mixed with the same quantity antibody for 30 min of incubation at 4 ℃ in the dark and 

centrifuged (83000 rpm) to remove excess antibody; the material-AbTasA was then prepared. Conversely, 

the supernatant was retained and its absorbance was measured. The difference between the absorbance of 

the collected supernatant and the original antibody was estimated (Figure S10). Consequentially, the 

quantity of the antibody absorbed on the materials was calculated using Lambert-Beer's law [A= εbC, 

where A= absorbance, ε= molar extinction coefficient, b= path length (1 cm), and C= concentration]. In 

the working solution of 1×PBS buffer, there was approximately 0.14 g of AbTasA absorbed on 1 g of 

amino-N-GQD. This implies that the absorption efficiency of 1×PBS buffer was approximately 14.0% 

(zeta potential of amino-N-GQD-AbTasA: 16.3 mV), and was 13.8% (16.0 mV of zeta potential) in culture 

medium of B. subtilis (Scheme S1B). For N-GQD-AbTasA and GQD-AbTasA, the efficiency of absorption 

was approximately 12.6% (15.2 mV of zeta potential) and 11.4% (10.2 mV of zeta potential) in 1×PBS 

buffer, 13.0% (15.4 mV of zeta potential) and 11.7% (10.6 mV of zeta potential) in culture medium of B. 

subtilis. Since there is not much different between the zeta potential of material-Ab in 1×PBS buffer and 

culture mediums, it meant that the biomolecules would be absorbed on neither material and Ab nor 

material-Ab. In other words, the interaction among Ab, material-Ab and bacteria would not be influenced 

by biomolecules in cultural mediums, leading to no subsequently effect in the specific binding between 

them. Additionally, the positively charged material-Ab was favorable for absorbance or internalization by 

the negatively charged bacterial surface. The above results have proven the successful absorption of Ab 

on the surface of materials (Table S6). 

Biocompatibility assay with colony forming unit (CFU) counting method  

B. subtilis (OD600 ~0.05) was added with material-AbTasA (6 g mL1) by incubating for 3 h at 37 °C. 

After incubation, the mixture was centrifuged and the pellets of bacteria were diluted (OD600 ~0.05). Then, 

a dilution factor in the range of 10-5 to 10-8 was used for the incubated bacteria with plating on the agar 

plates. The plates were placed overnight in an incubator at 37 C. The number of surviving bacteria was 

determined and expressed as a percentage (%) that corresponds to the unit of CFU mL1 after incubation. 

Data are means ± SD (n=6) 

Quantum yield (QY) measurement4 
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The relative PL QY of contrast agent is usually the ratio of the emitted photons to the absorbed photons 

and is given as follows:  

⁄ ⁄  

                                                                                 (S1)        

, where QYref =0.28 is the QY of Cy5.5 dissolved in dimethyl sulfoxide (DMSO; Fisher Scientific, 

Hampton, NH, USA) as a reference, η is the refractive index of ddH2O=1.33 (ηref of DMSO=1.48), I is the 

integrated fluorescence intensity and A is the absorbance at the excitation wavelength. One-photon 

excitation (OPE) or TPE yields the same QY.  

Singlet oxygen QY (ψΔ) measurement5 

From previous studies, ψΔ can be obtained. ψΔ measurements were conducted in D2O at 355 nm by using 

meso-tetra(4-sulfonatophenyl)porphine dihydrochloride (Sigma-Aldrich, St. Louis, MO, USA) as a 

reference (ψΔ= 0.64). 

Femtosecond laser optical system for the measurements of two-photon absorption (TPA) and TPL2 

The home-made femtosecond titanium-sapphire (ti-sa) laser optical system (a repetition rate of 80 MHz; 

Tsunami, Spectra-Physics, Santa Clara, CA, USA) was used according to the previous studies. TPA 

measurement. With 2 m ms-1 speed of the galvanometer scanner, the excitation spectrum was measured as 

720-820 nm with an excitation power of 2.8 mW [this is the power before objective; the power after 

objective (or on sample) is 0.9856 mW or 98.56 nJ pixel−1)]. Therefore, the relative TPA spectrum as 

function of excitation wavelength for the material was measured. Measurement of TPL spectrum. The 

material was exposed to TPE from the femtosecond laser at an excitation wavelength of 800 nm, a power 

of 98.56 nJ pixel−1 (0.9856 mW), a scanning area of 200 μm × 200 μm, a frequency of 10 kHz, an 

exposure time of 1.638 s/(scan, pixel)= 100 μs, 128 × 128 pixels scan−1, and a pixel area of 1562.5 nm × 

1562.5 nm. The focal spot area was calculated as πd2/4, where d = 0.61 λ/numerical aperture (NA) is the 

full width at half maximum of the beam waist. For instance, at the x–y axis focal spot with 800 nm 

excitation and a 40× oil-immersion objective with an NA of 1.3, d = 0.61 × 800 nm/1.3 = 375.38 nm= 

0.37538 μm, and the z-axis resolution was measured to be 0.90265 μm (Figure 1). For 800 nm excitation, 

the exposure time per scan for an individual material is expressed as (focal spot area/pixel area) × 100 = 

4.53 ms, and the total exposure time t = 4.53 ms × number of scans. A 40× oil-immersion objective (NA 

1.3) was used to collect the signals, and the detection range of the spectrum photometer was 300-695 nm 

in wavelength.  

The calculations of laser power (mW or nJ pixel-1) used on the sample were as follows. For the 40× 

oil-immersion objective (NA 1.3), the transmission rate at 800 nm in wavelength is approximately 88% in 

this optical system, and the laser power went from the output to the objective with only 40% of the 

original output power due to the loss of power. As a result, the calculated energy after the objective (on 

sample) is Poutput (mW)*40%*88%= 0.352*Poutput (mW). For instance, Poutput = 3.0 mW, the calculated 

energy after the objective (on the sample) is 3.0 mW*40%*88%= 1.056 mW. With 10 kHz of scan rate 

(each pulse stays 0.1 ms pixel-1), the calculated energy on the sample (J pixel-1) was around Poutput 

(mW)*40%*88%*0.1 ms= 0.0352*Poutput (J pixel-1). For instance, Poutput = 3.0 mW, the energy (J pixel-1) 
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on sample= 3.0 mW*40%*88%*0.1 ms= 0.1056 μJ pixel-1= 105.6 nJ pixel-1 (nJ pixel−1). The power after 

the objective (on the sample) was used and marked throughput this manuscript. 

Measurement of TPE absolute cross section6,7 

The absolute cross section of TPE was measured the luminescence signal via femtosecond laser optical 

system according to previous studies. The TPL of fluorescein and rhodamine B (Sigma Aldrich Co., St. 

Louis, MO, USA) had to be verified. The results are shown in Figure 5c and were obtained by measuring 

the dependence of the emission intensity with an excitation power range of 704.00 nJ pixel−1 (7.04 mW) 

to 2816.00 nJ pixel−1 (28.16 mW). Quadratic dependence with the exponents of approximately 2.00 for 

fluorescein and approximately 1.99 for rhodamine B was measured for increasing the excitation power to 

determine the luminescence from TPE. According to the previous studies, the action cross sections of 

TPE for fluorescein and rhodamine B are 36.4 and 153.0 Göeppert–Mayer units (GM; 1 GM = 10−50 cm4s 

photon−1), respectively, for 800 nm excitation. We also referred to the free website 

http://www.drbio.cornell.edu/cross_sections.html, kindly provided by Prof. Chris Xu (Cornell University, 

NY, USA). The TPE action cross sections for fluorescein and rhodamine B were calculated to be 35.8 and 

154.2 GM, respectively, which indicated an error of less than 5% compared with those from Prof. Xu’s 

laboratory. In this study, rhodamine B was chosen as the standard reference for determining the cross 

section, and the calculated absolute cross sections of TPE for the amino-N-GQD, N-GQD and GQD were 

approximately 54,012.73 GM, 51,627.52 GM and 48,378.98 GM, respectively. The measured parameters 

for calculating the TPE absolute cross sections of samples are shown in Table 1. No batch-to-batch 

variation was observed for the material in two-photon properties, two-photon photodynamic ability, and 

two-photon contrast agents.  

Femtosecond laser optical system (for fluorescence lifetime imaging microscopy, FLIM)7 

The home-made femtosecond titanium-sapphire (ti-sa) laser optical system (repetition rate of 80 MHz; 

Tsunami, Spectra-Physics, Santa Clara, CA, USA) was used according to the previous studies. The 

lifetime data and the parameter generated using the triple-exponential equation fitting while monitoring 

the emission under TPE (Ex: 800 nm). 

Calculation of radiative and non-radiative decay rates2 

PL QY and lifetime are both major parameters when investigating the emission characteristics of 

fluorescent dyes in diverse environments. The quantum yield (Q) can be expressed as follows: 

Γ
Γ k

 

                                                                                (S2)      

, where Γ is the radiative decay rate and k is the nonradiative decay rate. Fluorescence lifetime is usually 

defined as the average time required for an electron in the excited state to decay to the ground state. The 

TPL lifetime τ can also be relative to the decay rates and is described as follows: 

1
Γ k

 

(S3) 
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Following Eqs. (S2-S3), the radiative and nonradiative decay rates can be calculated. 

ROS detection2,8-10 

Singlet oxygen (1O2). (a) Material-Ab (6 g mL1) was treated with B. subtilis (OD600 ~0.05), after which 

it was subjected to 3 h of incubation at 37 °C in darkness. Subsequently, the mixture was exposed to TPE 

photoexcitation (394.24 nJ pixel−1, 700 scans; Ex: 800 nm) and finally mixed with Singlet Oxygen Sensor 

Green (SOSG) reagent (1 μM; Thermo Fisher Scientific, Waltham, MA, USA) (Ex/Em: 488/525 nm). A 

fluorescence spectrometer was employed for measurements. For ROS neutralization, the mixture was 

mixed with 30 ppm of antioxidant α-tocopherol/methyl linoleate (Sigma-Aldrich, St. Louis, MO, USA) in 

darkness and exposed to TPE photoexcitation with the same treatment. (b) Material-Ab (6 g mL1) was 

treated with B. subtilis (OD600 ~0.05), after which it was subjected to 3 h of incubation at 37 °C in 

darkness. Subsequently, the mixture was exposed to TPE photoexcitation (394.24 nJ pixel−1, 700 scans; 

Ex: 800 nm) and finally mixed with 10 μM of trans-1-(2´-methoxyvinyl)pyrene (t-MVP, Thermo Fisher 

Scientific, Waltham, MA, USA)/0.10 M SDS (Sigma-Aldrich, St. Louis, MO, USA) (Ex/Em: 352/465 nm) 

For ROS neutralization, the mixture was mixed with 30 ppm of antioxidant α-tocopherol/methyl linoleate 

(Sigma-Aldrich, St. Louis, MO, USA) in darkness. Reaction of t-MVP with 1O2 yields a dioxetane 

intermediate that fluoresces while it decomposes into 1-pyrenecarboxaldehyde. Furthermore, this highly 

selective fluorescent probe does not react with other activated oxygen species such as hydroxyl radicals, 

superoxide, or hydrogen peroxide. A fluorescence spectrometer was employed for measurements. ROS 

neutralization was conducted with the same as previously described treatment. Superoxide radical anion 

(O2
.). (a) Material-Ab (6 g mL1) was treated with B. subtilis (OD600 ~0.05), after which it was 

subjected to 3 h of incubation at 37 °C in darkness. Subsequently, the mixture was exposed to TPE 

photoexcitation (394.24 nJ pixel−1, 700 scans; Ex: 800 nm) and finally mixed with 2,3-bis 

(2-methoxy-4-nitro-5-sulfophenyl)- 2H-tetrazolium-5-carboxanilide (XTT, 0.45 mM; Sigma-Aldrich, St. 

Louis, MO, USA). The purpose of this material was that it interacted with O2
. and produced 

XTT-formazan, resulting in strong absorption (470 nm in wavelength). UV-vis spectrometer was 

employed to monitor this absorption. For ROS neutralization, the mixture was mixed with 30 ppm of 

antioxidant α-tocopherol/methyl linoleate (Sigma-Aldrich, St. Louis, MO, USA) in darkness and exposed 

to TPE photoexcitation with the same treatment. (b) Material-Ab (6 g mL1) was treated with B. subtilis 

(OD600 ~0.05), after which it was subjected to 3 h of incubation at 37 °C in darkness. Subsequently, the 

mixture was exposed to TPE photoexcitation (394.24 nJ pixel−1, 700 scans; Ex: 800 nm) and finally 

mixed with 50 mM bicarbonate buffer (pH 8.60) and glutathione (γ-L-glutamyl-L-cysteinyl-glycine, GSH; 

Sigma-Aldrich, St. Louis, MO, USA)/0.80 mM bicarbonate buffer (the Ellman's assay for O2
. detection). 

Subsequently, the following experiments were conducted according to the procedure in a previous study. 

Loss of GSH (%) was calculated as the difference in absorbance between the sample and negative control 

divided by the absorbance of the negative control. The signal of the generated O2
. was obtained as 

described in the previous calculation. Data are means ± SD (n = 6).   

Uptake assay  

B. subtilis (OD600 ~ 0.05) were incubated with 6 μg mL–1 material–AbTasA. The absorbance of a quantity 
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of 6 μg mL–1 material–AbTasA was recorded using UV-vis spectroscopy (Abs: approximately 203 nm). 

The materials were mixed with B. subtilis (OD600 ~ 0.05) at 37 ℃ from 1h to 10h, respectively. Then, 

the mixture was centrifuged (1200 rpm) to remove excess materials, keep the supernatant, and measure 

the absorbance and the supernatant. The difference between the absorbance values of the collected 

supernatant and the original materials was estimated, thus resulting in the percentage of uptake at each 

time point. Data are means ± SD (n=6). 

Statistical Analysis 

The statistical significance was by the analysis of variance. The p-value was considered statistically 

significant for all the treatments. 

And there is no batch to batch variation for the materials in terms of two-photo properties, and 

two-photon contrast agents. Different optical system has different detection depth. Due to the detection 

efficiency and the objective we used, the maximal z depth we can be observed by this laser optical system 

is approximately 100 μm. However, 99 μm in the work can show the optimal resolution in the mimic 3D 

biological specimens. 
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Figure S1. (A) HR-TEM image obtained for a single amino-N-GQD, which exhibited a d-spacing of 
0.213 nm, graphene {11

00} lattice planes, and a mean lateral size of 7.1 ± 0.6 nm. (B) AFM image of 

amino-N-GQDs on mica. The height difference between two arrows (the amino-N-GQDs and mica) was 

1.08 ± 0.03 nm. (C) XRD pattern of the amino-N-GQDs. (D) Raman spectroscopy results indicating the 

material’s crystallinity. The gray and brown lines indicate that the spectrum was decomposed and fitted to 

the D-band (~1384 cm−1) and G-band (~1607 cm−1) peaks (black line: raw data; pink line: decomposed 

spectrum). The ID/IG ratio was approximately 0.88. (E) UV–Vis spectrum of the materials (the peak at 221 
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nm corresponded to the π–π* transition of aromatic C=C bonds and the n–π* transitions of the C–N and 

C=O shoulder appeared at approximately 324 nm). (F,G) Peaks fitted using a Gaussian function for the 

deconvoluted C(1s) and N(1s) XPS spectra. The peaks of nonoxygenated rings (C–C/C=C),C–N bonds, 

hydroxyl group bonds (C–O), and carbonyl group bonds (C=O) were fitted using a Gaussian function for 

the deconvoluted C(1s) XPS spectra. The peaks of pyridinic N, amino N (NH2), pyrrolic N, quaternary N, 

and amide N (O=C–N) were fitted using a Gaussian function for the deconvoluted N(1s) XPS spectra. 

The atomic ratios and bind compositions for the amino-N-GQDs are summarized in the table. The 

O(1s)/C(1s) and N(1s)/C(1s) atomic ratios were 28.2% and 4.5%, respectively. The delivered material 

dose was 6 μg mL−1. 
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Table S1. Quantitative size distribution was determined by dynamic light scattering. 

     Size (nm) 3.5    4.5     5.5     6.5   
 

7.5     8.5     9.5 
 

10.5 
  

 

Amino-N-GQD    Fraction (%) 
 

N-GQD          Fraction (%)     
 
GQD            Fraction (%)     
 

0      2      12      31 
 
0      3      14      30     
       
0      3      12      33 

32     17      6   
 
33     15      5 
 
34     16      2 

0 
 
0 

 
0 
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Raman spectroscopy was used to monitor the inelastic phonon scattering caused by the vibration of 

chemical bonds11 which enables to calculate the size of the sp2 domain in the amino-N-GQD, N-GQD and 

GQD, respectively. If the mean size of the GQD-based materials > 3 nm, follow the Eq. (S4),12,13 

La (nm) = (2.4 × 10-10) λ laser
4 (ID/IG)-1                                                   (S4) 

where La (nm) is the mean size of the sp2 domain; λLaser is the excitation wavelength (nm); I means the 

intensity for the D band and G band, respectively. 

However, if the mean size of the GQD-based materials < 3 nm, follow the Eq. (S5),14  

LD= 0.54 EL
4 (ID/IG)                                                                 (S5) 

where is that in small-size graphene sheets with point-like defects containing sp3-bonded carbon atoms, 

the mean distance between defects, LD (nm), is generally used to represent the size of the sp2 domains LD, 

(nm); ELaser is the excitation laser energy (eV) used in Raman experiments. 

The Raman spectra were obtained with a 532 nm laser and were decomposed into the D band and G 

band by the Lorentzian function. According to the calculations based on the Eqs. (S4-S5), the diameter of 

the amino-N-GQD, N-GQD and GQD was 7.0 nm (compared to 7.1 ± 0.6 nm of that determined by 

HR-TEM), 6.8 nm (compared to 7.0 ± 0.4 nm of that determined by HR-TEM) and 6.7 nm (compared to 

6.8 ± 0.5 nm of that determined by HR-TEM). 
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FTIR spectroscopy was used to analyze the exposed functional groups of the amino-N-GQD (Figure 

S2). The results showed characteristic bands of amino-N-GQD for N–H vibration about 845 cm−1 (band 

1), C–O stretching about 1048 cm−1 (band 2), C–N stretching about 1182 cm−1 (band 3), N–C=O 

stretching about 1236 cm−1 (band 4), tertiary alcoholic C–OH bending about 1411cm−1 (band 5), C=C ring 

about 1679 cm−1 (band 6), N–H bending and amide about 1776 cm−1 (band 7), C=O stretching about 1845 

cm−1 (band 8), N–H stretching about 2917 cm−1 (band 9), and N–H vibration about 3328 cm−1 (band 10). 

               

Figure S2. FTIR spectrum of amino-N-GQD. 
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Table S2. Amount of ROS generated, as observed by conducting TPE (394.24 nJ pixel−1, 700 scans; Ex: 

800 nm) on materials in the dark. The delivered dose of the materials was 6 g mL1. Data are means ± 

SD (n=6).2,8-10,15-20 
 

 

 

 
 
 
 

 
 
Negative  ROS 
controlac    neutrali- 

zationabc 

1O2 (by SOSG)c 

 
Positive    amino-N-     ROS      
Controlcd    GQD        neutrali- 

zationbc  

 
 
N-GQD     ROS         GQD 

    Neutrali- 
zationbc                   

 
 
ROS  
Neutrali- 
zationbc 

223±9    225±12    
 

2456±122  1616±111    224±13 
 

918±50     222±10      683±19 
 

224±11 
 

 
 
 
 
 
 

 
 
Negative  ROS 
controlae    neutrali- 

zationabe 

1O2 (by t-MVP)e 

 

Positive    amino-N-     ROS      
Controlde      GQD        neutrali- 

zationbe 

 
 
N-GQD     ROS         GQD 

Neutrali- 
zationbe  

 
 

ROS  
Neutrali- 
zationbe 

330±22   334±21    7962±191  5015±126    332±18 3157±66    331±23      2155±58 330±19 

                                                           

 
 
 
 
 
 
 

 
 
Negative  ROS 
controlaf    neutrali- 

zationabf 

O2˙
- (by XTT)f 

 

Positive    amino-N-     ROS      
Controldf      GQD        neutrali- 

zationbf 

 
 

N-GQD     ROS         GQD 
Neutrali- 
zationbf    

 
 
ROS  
Neutrali- 
zationbf 

0         0      
 

1.84±0.16  1.53±0.11    0.03±0.01
 

1.04±0.07   0.03±0.02    0.72±0.05 
 

0.02±0.01 
 

 
 
 
 
 
  

 
 
Negative  ROS 
controlag    neutrali- 

zationabg 

O2˙
- (by GSH)g 

 
Positive    amino-N-     ROS      
Controldg      GQD        neutrali 

zationbg 

 
 
N-GQD     ROS         GQD 

Neutrali- 
zationbg 

 
 
ROS  
Neutrali- 
zationbg 

0         0      96.2±4.2%  84.8±3.6%   0.4±0.2% 58.5±2.5%  0.3±0.1%     40.4±1.9% 0.3±0.2% 

aNegative control: only treat reagent and laser irradiation without material (0 g mL1).  
bROS neutralization: with the treatments of nanomaterial, the laser irradiation and 30 ppm of antioxidant 

α-tocopherol/methyl linoleate. 
cSOSG reagent (Ex/Em: 488/525 nm) has a specific reactivity to generate fluorescence recorded by a PL 

spectrometer.  
dPositive control: the treatment of 50 μM tert-butyl hydroperoxide (TBHP) and laser irradiation. 

et-MVP (Ex/Em: 352/465 nm) can react with 1O2, forming a dioxetane intermediate that generates 

fluorescence upon decomposition to 1-pyrenecarboxaldehyde, and monitored by a PL spectrometer. 
fXTT would interact with O2

. and produce the XTT-formazan generating strong absorption (470 nm in 

wavelength).  
gGSH containing a thiol-tripeptide can prevent damages to cellular or bacterial components caused by 

stress of oxidation. Thiol group from GSH can be oxidized to disulfide bond converting GSH to 

glutathione disulfide. GSH oxidation was used to determine the generated O2
.. Loss of GSH (%) = 

(absorbance difference between of sample and negative control / absorbance of negative control) × 100 

%. 



S‐15 
 

 

Figure S3. (A) HR-TEM image derived for a single N-GQD, illustrating the graphene {11
00} lattice 

planes and the mean lateral size of 7.0 ± 0.4 nm with a d-spacing of 0.213 nm. (B) AFM image of 

N-GQDs on mica, and the height different between two arrows (the N-GQD and mica) was 1.05 ± 0.03 

nm. (C) XRD pattern of N-GQDs. The diffraction angle of the N-GQD material was nearly 2θ = 24.3°, 

indicating appropriate layer regularity as well as a well-ordered lamellar structure exhibiting a 0.360-nm 

interlayer distance. (D) Raman spectroscopy for determining material’s crystallinity. The gray and brown 

lines indicate that the spectrum was decomposed and fitted into the D-band (~1383 cm1) and G-band 

(~1608 cm1) peaks (black line: raw data; pink line: decomposed spectrum) with ID/IG integrated intensity 
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ratio of the D and G bands to be approximately 0.89. Additionally, the estimated size could also be 

obtained from the Raman calculations (~6.8 nm) was slightly lower because the Raman estimation (Eqs. 

S4-S5)11-14 ignored the oxygenated regions. (E) UV-vis spectrum of material (222 nm corresponded to the 

π–π* transition of aromatic C=C bonds, and the n–π* transitions of the C–N and C=O shoulder appeared 

at approximately 323 nm). (F-G) Peaks that were fitted by employing a Gaussian function for the 

deconvoluted C(1s) of XPS spectra were as follows: nonoxygenated ring (C–C/C=C), C–N bonds, 

hydroxyl (C–O), carbonyl (C=O), and carboxylate (O=C-O); the N(1s) XPS spectra and fitted peaks using 

the Gaussian function were as follows: pyridinic N, pyrrolic N, and quaternary N, respectively. The 

atomic ratios and binding compositions for N-GQD are summarized in the table. O(1s)/C(1s) and 

N(1s)/C(1s) atomic ratios were 29.0% and 4.7%, respectively. (H) FTIR spectrum of material. The 

characteristic bands of N-GQDs were approximately for 1021 cm−1 of epoxy stretching (band 1); 1066 

cm−1 of C－O stretching (band 2); 1238 cm−1 of phenolic C－OH (band 3); 1371 cm−1 of tertiary 

alcoholic C－OH bending (band 4); 1422 cm−1, 1425 cm−1 and 1443 cm−1 of symmetric carboxylate C(＝

O)2
−, sp2 C＝N and sp3 C－N stretching (band 5); 1695 cm−1 of C＝C ring stretching (band 6); 1828 cm−1 

of C＝O stretching (band 7); 3203 cm−1 of carboxylate O－H stretching (band 8); 3389 cm−1 of N－H 

in-plane stretching (band 9). Delivered dose of material: 6 μg mL−1. 
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Figure S4. (A) HR-TEM image derived for a single GQD, illustrating the graphene {11

00} lattice planes 

and the mean lateral size of 6.8 ± 0.5 nm with a d-spacing of 0.213 nm. (B) AFM image of GQDs on mica, 

and the height different between two arrows (the GQD and mica) was 1.12 ± 0.04 nm. (C) XRD pattern 

of GQDs. The diffraction angle of the GQD material was nearly 2θ = 24.3°, indicating appropriate layer 

regularity as well as a well-ordered lamellar structure exhibiting a 0.360-nm interlayer distance. (D) 

Raman spectroscopy for determining material’s crystallinity. The gray and brown lines indicate that the 

spectrum was decomposed and fitted into the D-band (~1385 cm1) and G-band (~1608 cm1) peaks 

(black line: raw data; pink line: decomposed spectrum) with ID/IG integrated intensity ratio of the D and G 

bands to be approximately 0.90. Additionally, the estimated size could also be obtained from the Raman 

calculations (~6.7 nm) was slightly lower because the Raman estimation (Eqs. S4-S5)11-14 ignored the 

oxygenated regions. (E) UV-vis spectrum of material (224 nm corresponded to the π–π* transition of 
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aromatic C=C bonds, and the n–π* transitions of the C=O shoulder appeared at approximately 322 nm). 

(F) Peaks that were fitted by employing a Gaussian function for the deconvoluted C(1s) of XPS spectra 

were as follows: nonoxygenated ring (C–C/C=C), hydroxyl (C–O), carbonyl (C=O), and carboxylate 

(O=C-O), respectively. The atomic ratio and binding compositions for GQD are summarized in the table. 

O(1s)/C(1s) atomic ratios were 29.5%. (G) FTIR spectrum of material. The characteristic bands of GQDs 

for epoxy stretching about 992 cm−1 (band 1), C–O stretching about 1071 cm−1 (band 2), tertiary alcoholic 

C–OH bending about 1360 cm−1 (band 3), symmetric carboxylate C(=O)2
− stretching about 1419 cm−1 

(band 4), asymmetric carboxylate C(=O)2
− stretching about 1557 cm−1 (band 5), C=C ring stretching 

about 1706 cm−1 (band 6), broad O–H stretching about 2241 cm−1 (band 7), and cyclic alkanes, C–H 

stretching, intermolecular hydrogen bonded and O–H stretching about 3404 cm−1 (band 8). Delivered 

dose of material: 6 μg mL−1. 
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The number of bacteria surviving by CFU assays after photoexcitation at a TPE power of 394.24 nJ 

pixel–1 with 700 scans (Ex: 800 nm; approximately 3.171 s of total effective exposure time) was 

performed by treating bacteria with materials-AbTasA-treated B. subtilis for 3 h of incubation at 37 ℃ in 

the dark. Amino-N-GQD-, N-GQD-, and GQD-AbTasA-treated B. subtilis exhibited approximately 7.875, 

0.382 and 0.189 log10 reduction corresponding to nearly 0%, 42% and 65% viability (Figure S5). 

            

 

Figure S5. The number of surviving materials-AbTasA-treated B. subtilis was determined by CFU 

counting assay and are expressed as the percentage (%) that corresponds to the unit of CFU mL-1. 

Delivered dose: OD600 ~ 0.05 of B. subtilis and 6 μg mL–1 material-AbTasA. Data are means ± SD (n=6). 

p< 0.0001, p= 0.0579 and p= 0.6211 for amino-N-GQD, N-GQD and GQD, respectively. *p value 

obtained by Student’s t test. 
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The number of bacteria surviving by CFU assays after photoexcitation at the TPE of 394.24 nJ pixel–

1, 475.20 nJ pixel–1, and 566.72 nJ pixel–1 (Ex: 800 nm; with 700 scans, approximately 3.171 s of total 

effective exposure time) was performed by treating bacteria with materials-AbTasA-treated B. subtilis for 3 

h of incubation at 37 ℃ in the dark. Amino-N-GQD-, N-GQD-, and GQD-AbTasA-treated B. subtilis 

exhibited the complete reduction corresponding to kill almost all of bacteria (Figure S6). 

 
Figure S6. The number of surviving materials-AbTasA-treated B. subtilis was determined by CFU 

counting assay and are expressed as the percentage (%) that corresponds to the unit of CFU mL-1. 

Delivered dose: OD600 ~ 0.05 of B. subtilis and 6 μg mL–1 material-AbTasA. Data are means ± SD (n=6). 

p< 0.0001 for all nanomaterials, respectively. *p value obtained by Student’s t test. 
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Table S3. Amount of ROS generated, as observed by conducting TPE (394.24 nJ pixel−1, 700 scans, Ex: 

800 nm) on materials-Ab-treated-bacteria in the dark. The delivered dose of the materials was 6 g mL1. 

Data are means ± SD (n = 6). 2,8-10,15-20 
 

 

 

 
 
 
 

 
 
Negative  ROS 
controlac    neutrali- 

zationabc 

1O2 (by SOSG)c 

 
Positive    amino-N-     ROS      
Controlcd    GQD        neutrali- 

zationbc  

 
 
N-GQD     ROS         GQD 

    Neutrali- 
zationbc                   

 
 
ROS  
Neutrali- 
zationbc 

225±10   226±11    
 

2513±126  1499±104    227±15 
 

878±61     226±10      532±27 
 

225±12 
 

 
 
 
 
 
 

 
 
Negative  ROS 
controlae    neutrali- 

zationabe 

1O2 (by t-MVP)e 

 

Positive    amino-N-     ROS      
Controlde      GQD        neutrali- 

zationbe 

 
 
N-GQD     ROS         GQD 

Neutrali- 
zationbe  

 
 

ROS  
Neutrali- 
zationbe 

335±24   337±22    8056±198  4824±116    335±20 2791±73    334±23      1702±45 336±20 

                                                           

 
 
 
 
 
 
 

 
 
Negative  ROS 
controlaf    neutrali- 

zationabf 

O2˙
- (by XTT)f 

 

Positive    amino-N-     ROS     
Controldf      GQD        neutrali- 

zationbf 

 
 

N-GQD     ROS         GQD 
Neutrali- 
zationbf    

 
 
ROS  
Neutrali- 
zationbf 

0         0      
 

1.88±0.17  1.32±0.12    0.03±0.02
 

0.81±0.07   0.03±0.01    0.45±0.05 
 

0.03±0.01 
 

 
 
 
 
 
  

 
 
Negative  ROS 
controlag    neutrali- 

zationabg 

O2˙
- (by GSH)g 

 
Positive    amino-N-     ROS      
Controldg      GQD        neutrali 

zationbg 

 
 
N-GQD     ROS         GQD 

Neutrali- 
zationbg 

 
 
ROS  
Neutrali- 
zationbg 

0         0      97.5±4.1%  80.9±3.0%   0.4±0.1% 48.3±2.5%  0.3±0.2%     30.3±1.9% 0.3±0.1% 

aNegative control: only treat reagent and laser irradiation without material (0 g mL1).  
bROS neutralization: with the treatments of nanomaterial, the laser irradiation and 30 ppm of antioxidant 

α-tocopherol/methyl linoleate. 
cSOSG reagent (Ex/Em: 488/525 nm) has a specific reactivity to generate fluorescence recorded by a PL 

spectrometer.  
dPositive control: the treatment of 50 μM TBHP and laser irradiation. 

et-MVP (Ex/Em: 352/465 nm) can react with 1O2, forming a dioxetane intermediate that generates 

fluorescence upon decomposition to 1-pyrenecarboxaldehyde, and monitored by a PL spectrometer. 
fXTT would interact with O2

. and produce the XTT-formazan generating strong absorption (470 nm in 

wavelength).  
gGSH containing a thiol-tripeptide can prevent damages to cellular or bacterial components caused by 

stress of oxidation. Thiol group from GSH can be oxidized to disulfide bond converting GSH to 

glutathione disulfide. GSH oxidation was used to determine the generated O2
.. Loss of GSH (%) = 

(absorbance difference between of sample and negative control / absorbance of negative control) × 100 

%. 



S‐22 
 

Table S4. Amount of ROS generated, as observed by conducting TPE (394.24 nJ pixel−1, 700 scans; Ex: 

800 nm) on materials-treated-bacteria in the dark. The delivered dose of the materials was 6 g mL1. 

Data are means ± SD (n=6).2,8-10,15-20  
 

 

 

 
 
 
 

 
 
Negative  ROS 
controlac    neutrali- 

zationabc 

1O2 (by SOSG)c 

 
Positive    amino-N-     ROS      
Controlcd    GQD        neutrali- 

zationbc  

 
 
N-GQD     ROS         GQD 

    Neutrali- 
zationbc                   

 
 
ROS  
Neutrali- 
zationbc 

223±8    225±10    
 

2566±141  1112±193    225±9 
 

540±82     227±11      203±35 
 

224±10 
 

 
 
 
 
 
 

 
 
Negative  ROS 
controlae    neutrali- 

zationabe 

1O2 (by t-MVP)e 

 

Positive    amino-N-     ROS      
Controlde      GQD        neutrali- 

zationbe 

 
 
N-GQD     ROS         GQD 

Neutrali- 
zationbe  

 
 

ROS  
Neutrali- 
zationbe 

336±22   336±25    7929±181  4066±103    334±23 2039±52    335±22      686±45 337±21 

                                                           

 
 
 
 
 
 
 

 
 
Negative  ROS 
controlaf    neutrali- 

zationabf 

O2˙
- (by XTT)f 

 

Positive    amino-N-     ROS      
Controldf      GQD        neutrali- 

zationbf 

 
 

N-GQD     ROS         GQD 
Neutrali- 
zationbf    

 
 
ROS  
Neutrali- 
zationbf 

0         0      
 

1.91±0.15  1.06±0.09    0.04±0.01
 

0.55±0.06   0.04±0.02    0.18±0.04 
 

0.03±0.02 
 

 
 
 
 
 
  

 
 
Negative  ROS 
controlag    neutrali- 

zationabg 

O2˙
- (by GSH)g 

 
Positive    amino-N-     ROS      
Controldg      GQD        neutrali 

zationbg 

 
 
N-GQD     ROS         GQD 

Neutrali- 
zationbg 

 
 
ROS  
Neutrali- 
zationbg 

0         0      98.0±4.5%  72.2±2.3%   0.3±0.2% 37.9±1.4%  0.4±0.1%     13.3±0.5% 0.4±0.2% 

aNegative control: only treat reagent and laser irradiation without material (0 g mL1).  
bROS neutralization: with the treatments of nanomaterial, the laser irradiation and 30 ppm of antioxidant 

α-tocopherol/methyl linoleate. 
cSOSG reagent (Ex/Em: 488/525 nm) has a specific reactivity to generate fluorescence recorded by a PL 

spectrometer.  
dPositive control: the treatment of 50 μM TBHP and laser irradiation. 

et-MVP (Ex/Em: 352/465 nm) can react with 1O2, forming a dioxetane intermediate that generates 

fluorescence upon decomposition to 1-pyrenecarboxaldehyde, and monitored by a PL spectrometer. 
fXTT would interact with O2

. and produce the XTT-formazan generating strong absorption (470 nm in 

wavelength).  
gGSH containing a thiol-tripeptide can prevent damages to cellular or bacterial components caused by 

stress of oxidation. Thiol group from GSH can be oxidized to disulfide bond converting GSH to 

glutathione disulfide. GSH oxidation was used to determine the generated O2
.. Loss of GSH (%) = 

(absorbance difference between of sample and negative control / absorbance of negative control) × 100 

%. 
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Figure S7. TEM images for B. subtilis (A) with GQD–AbTasA, (B) N-GQD–AbTasA and incubated for 3 h. 

Given a TPE power of 394.24 nJ pixel−1 (scanning frequency, 700 scans; total effective exposure time, 

~3.171 s; Ex, 800 nm), TEM images of the photoexcited– (C) N-GQD–AbTasA– (D) N-GQD–AbTasA–

treated bacteria (3 h of incubation) Delivered dose: OD600–0.05 for B. subtilis and 6 μg mL−1 for 

material–AbTasA.   
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In Figure S8, the amino-N-GQD-AbTasA-treated B. subtilis demonstrated no exceptional morphology 

after 3 h of incubation, whereas an incubation period of 3 d about to change the bacteria’s shape (Figure 

3C), corresponding to nearly 68% viability (Figure 4B). 

                             

Figure S8. The number of surviving amino-N-GQD-AbTasA-treated B. subtilis was determined by CFU 

counting assay and are expressed as the percentage (%) that corresponds to the unit of CFU mL-1. 

Delivered dose: OD600 ~ 0.05 of B. subtilis and 6 μg mL–1 amino-N-GQD–AbTasA. Data are means ± SD 

(n=6). 
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Table S5. Two-photon action cross sections of fluorescein (in 0.1 M NaOH, pH 11) 

and rhodamine B (in methanol). Excitation wavelength: 800 nm. 

 
 
 
 
Excitation wavelength at  
800 nm action cross section,  
ησ2 (GM, 10-50cm4s/photon)  

Fluorescein (in ddH2O, pH=11) 

 

 Action cross-section (ησ) 
 

 

35.8  154.2  
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Figure S9. Two-photon stability. (A) UV-vis spectrum for the conventional photosensitizer, toluidine 

blue O/ ddH2O. The absorbance at 633 nm was detected. (B) As a function of irradiation time (0−6 min) at 

a power density of 0.1 W cm-2
 (Ex: 670 nm), the relative intensity of integrated area from 400 to 800 nm in 

wavelength of absorbance was calculated. Data are means ± SD (n=6). 
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Figure S10. The absorbance of a quantity of antibody before/after coating was recorded via UV-vis 

spectroscopy (Abs: approximately 203 nm), respectively. 
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Table S6. Antibody coating efficiency and zeta potential of materials.   

 
 
 
Amino-N-GQD-AbTasA 
 
N-GQD-AbTasA 
 
GQD-AbTasA 
 

1X PBS  Culture medium of B. subtilis 
 

14.0%/ 16.3 mV 
 
12.6%/ 15.2 mV 
 
11.4%/ 10.2mV  

 13.8%/ 16.0 mV 
 
13.0%/ 15.4 mV 
 
11.7%/ 10.6 mV 
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