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Table S1. pH of 0.2 mg/mL CDs before and after exposure to aqueous 68 mg/mL Cu(NO3)2

Before Cu(NO3)2 addition After Cu(NO3)2 addition
pH 6.51 ± 0.04 5.11 ± 0.06

Notes: pH of 68 µg/mL Cu(NO3)2 is 6.02 ± 0.03; final concentration after Cu(NO3)2 addition is 30.2 
µg/mL

Table S2. Maximum loading capacity of Cu2+ into CDs, measured using ICP-OES

Mass of Cu2+ (mg) Mass of Cu-CD Complex (mg) Loading Capacity (w/w%)
1.735 5.720 30.5
1.936 6.410 30.2
2.122 6.852 31.0
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Figure S1. UV-vis absorption spectra of 0.1 mg/mL CDs with and without 0.03 mg/mL Cu2+ as 
well as the absorption spectrum of 1000 ppm aqueous Cu2+ from Cu(NO3)2.

Table S3. Fluorescence lifetime of CDs exposed to 0, 20, 50 and 100 ppm aqueous Cu2+

Cu2+ ppm Avg τ error τ1 error τ2 error
0 4.873 0.400 3.371 0.085 7.989 0.114
20 5.409 0.442 3.339 0.087 8.006 0.080
50 5.612 0.433 3.143 0.134 7.576 0.064
100 5.692 0.417 3.492 0.136 8.949 0.254
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Figure S2. XPS survey spectra of Cu-CD complexes after dialysis for 2 days (top) and 7 days 
(bottom).

   

 

Figure S3. Root ball injection procedure, starting in the top row and proceeding from left to right.

Prepare the CDs, tomato seedlings, 
and soil CD injection

Plant transfer Plant translocated
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Figure S4. Representative end-of-experiment images of tomatoes that received root ball 
injections for (A) healthy groups and (B and C) Fusarium-infected disease groups treated with 
deionized water (CK); 500 ppm CDs with 153 ppm Cu2+ (Cu1); 250 ppm CDs with 76.5 ppm 
Cu2+ (Cu2); 125 ppm CDs with 38 ppm Cu2+ (Cu3); 500 ppm CDs (CD1); 250 ppm CDs (CD2); 
125 ppm CDs (CD3); or 87.5 ppm aqueous Cu2+ (ions).

Table S4. Additional statistical differences in Figure 7 from the healthy root biomass data

Significance
DI Water vs 250 ppm CDs + 76.5 ppm Cu2+ *
250 ppm CDs vs 250 ppm CDs + 76.5 ppm Cu2+ *
250 ppm CDs + 76.5 ppm Cu2+ vs 125 ppm CDs + 38 ppm Cu2+ **
250 ppm CDs + 76.5 ppm Cu2+ vs 87.5 ppm Cu2+ from Cu(NO3)2 *

Note: * denotes p ≤ 0.05; ** denotes p ≤ 0.01

(A)

(B) (C)
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Table S5. Additional nano-enabled micronutrient delivery systems explored in literature and 
their benefits to the target plant

Nanoparticle Used Delivered 
Nutrient

Plant Target Improvement to Plant

Molybdenum 
nanofertilizer1

molybdenum Green bean Increased plant biomass by 36.47% 
compared to molybdate

Molybdenum disulfide 
nanoparticles2

molybdenum Soybean Increased yield by 30% compared to 
traditional molybdate fertilizer

Hollow silica 
nanoparticles3

silicic acid Tomato Increased shoot P by 17.63%, K by 
10.00%, and Mg by 11.53%.
Increased root P by 51.56%, Mn by 
33.13%, and Cu by 151.83%

Porous silica 
nanoparticles3

silicic acid Tomato Increased shoot K by 7.95% and Mg by 
10.49%
Increased root P by 41.41%, Mn by 
43,85%, and Cu by 42.00%

ZnO nanoparticles4 zinc Eggplant Increased fruit yield by 22.6% under 
drought conditions

CuO nanoparticles5 copper Soybean Increased shoot biomass by 53% under 
drought conditions

Chitosan-coated 
mesoporous silica 
nanoparticles6

silicic acid Soybean Reduced Fusarium disease progression 
by 15%
Increased chlorophyll content by 32%
Increased Zn, Mn, Mg, K, B content by 
23–68%

Nickel nanoparticles7 nickel Lettuce and 
tomato

Reduced disease severity by 58.4% for 
lettuce and 57.0% for tomato

Ceria nanoparticles8 cerium rice Increased N in roots and shoots under 
low nitrogen stress by 6-12% and 22-
30%, respectively

Poly(acrylic acid)-
coated CeO2 
nanoparticles9

cerium cotton Increased seedling root length by 56%, 
increased fresh weight by 41%, and 
increased dry weight by 38%
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Figure S5. Elemental analysis of different relevant ion concentrations in healthy and diseased 
plants’ roots and shoots. Error bars represent standard deviations across 9-10 plant replicates. 
Statistical differences were determined through a two-way ANOVA with a Tukey multiple 
comparisons test. 
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Table S6. Final survival rates and representative images for tomato seeds in diseased soil treated 
with varying 
concentrations of CDs and Cu-CD complexes using seed vacuum infiltration

Final Survival Rates Representative Photo
DI Water 22.5%

500 ppm CDs 12.5%
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Table S7. Final survival rates and representative images for tomato seeds in healthy soil treated 
with varying concentrations of CDs and Cu-CD complexes using seed vacuum infiltration

250 ppm CDs 22.5%

125 ppm CDs 10.0%

500 ppm CDs + 153 ppm Cu2+ 40.0%

250 ppm CDs + 76.5 ppm Cu2+ 35.0%

125 ppm CDs + 38 ppm Cu2+ 20.0%

87.5 ppm Cu2+ from Cu(NO3)2 12.5%
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