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Surface modification of HNTs: Background and details 

To enhance HNTs surface reactivity, acidic etching is performed to enlarge the nanotube 

specific surface area and expose additional reactive hydroxyl groups1-3. 

Other routes for activation of HNTs reported in the literature include calcination1, 4-7 and alkali 

treatment8-9; while the former is expected to decrease the number of required hydroxyl groups 

and the later mostly removes the silica component of the HNTs which is essential for the next 

synthetic steps. The surface chemical activation of the etched HNTs (E-HNTs) is achieved by 

their silanization  with  aminopropyltriethoxysilane (APTES) in toluene based on the highly-

cited work by Yuan et al.10. Other, less investigated, silanization techniques for HNTs include 

adding trimethylamine (TEA) to the reaction, as a base catalyst with lower reaction temperature 

(80 °C)11, performing the reaction under nitrogen atmosphere12-13 or the use of different 

solvents14. The next step in the synthetic route is the carboxylation of the surface amine residues 

through a reaction with succinic anhydride in dimethylformamide (DMF)13, 15. The Hydrophilic 

carboxyl residues could assist in keeping HNTs suspensions more stable without the need of 

extreme sonication13. In addition, carboxyl functionalized surface will readily form amide bond 

with any amino reagent through the simple and rapid EDC/NHS reaction16-19 in aqueous 

medium suitable for most proteins 18. For protein A conjugation onto the carboxylated surface, 

a two-step EDC/sulfo-NHS 20-21 reaction in 0.05 M MES buffer pH 6.0 is carried out. The 

separation into two steps prevents the unwanted protein-protein crosslinking between their own 

amine and carboxyl residues. The use of the negatively-charged sulfo-NHS ensures good 

suspension stability for the reactive intermediate. Hydrolysis of the reactive sulfo-NHS ester is 

minimized by conducting the reaction rapidly in a cold medium at slightly acidic pH 21. Protein 

conjugation onto HNTs was also reported using a glutaraldehyde crosslinker in water22-23; 

however, this method suffers from nonuniformity of the glutaraldehyde polymeric species 21, 

24 and the intermediate is not well suspended. The conjugation of protein A enables the 

immobilization of antibodies at a proper orientation significantly enhancing their binding 

efficacy25-28.
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Figure S1. Characterization of the different synthetic steps followed for the oriented 
immobilization of the antibody onto the HNTs. (a) ATR-FTIR spectra of the HNTs following 
each of the synthetic steps and the respective controls; all spectra are normalized to inert highest 
peak. Right panel presents zoom-in spectra at wavenumber range of 1800-1300 cm-1. Black 
trace for pristine HNTs, grey trace for etched HNTs (E-HNTs), red trace for silanized HNTs 
(NH2), green trace for carboxylated  HNTs (COOH), blue trace for sulfo-NHS-activated HNTs 
(sulfo-NHS) and light blue for the respective  control when the sulfo-NHS reaction is carried 
out on etched HNTs (without prior silanization and carboxylation), purple trace for PA-
conjugated HNTs (PA) and the light purple is the respective control for adsorbed PA, orange 
trace for the antibody-immobilized HNTs (Ab-PA) and light orange trace for the control where 
the antibody was incubated with the  PA-adsorbed HNTs. (b) Zeta potential measurements of 
the HNTs following the different synthesis steps and controls. **p<0.01, one-tail t-Test. NS 
marks p>0.05, two-tail t-Test.
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Figure S2. TGA analysis: TGA thermograms (left) and their corresponding derivative curves 
(right) of – grey trace for etched HNTs (E-HNTs), red trace for silanized HNTs (NH2), green 
trace for carboxylated  HNTs (COOH), purple trace for PA-conjugated HNTs (PA) and the 
light purple is the respective control for adsorbed PA, orange trace for the antibody-
immobilized HNTs (Ab-PA) and light orange trace for the control where the antibody was 
incubated with the PA-adsorbed HNTs. 

Table S1. Summary of the main weight loss events in TGA analysis.

 

Weight loss 
between

32-110 °C

Weight loss 
between

110-265 °C

Weight loss 
between

265-600 °C

Organic 
increment 

110-600 °C *
Etched HNTs 3.2±0.2 0.6±0.3 2.8±0.3 -

APTES 2.8±0.3 1.7±0.3 8.8±0.5 7.1±0.7
COOH 2.3±0.8 2.1±0.3 10±1 1.5±0.9

PA Conj 2±2 3±2 13±2 5±3
PA Conj Ab 2±2 5±2 17±3 5±4

PA Ads 2±1 2.7±0.5 9±1 0±2
PA Ads Ab 2.1±0.8 3±0.5 9±1 0±1

*) Organic increment between 110-600 °C was calculated as follows:
OIstep n = [WL32-110°C + WL110-265°C]step n – [WL32-110°C + WL110-265°C]step n-1  

Where OI = Organic increment between 110-600 °C; WL32-110°C = Weight loss between 32-110 °C ; 
WL110-265°C  = Weight loss between 110-265 °C

For example:
OIAPTES = [WL32-110°C – WL110-265°C]APTES – [WL32-110°C – WL110-265°C]Etched HNTs =
(1.7±0.3 + 8.8±0.5) – (0.6±0.3 + 2.8±0.3) = 7.1±0.7 %wt.  
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Figure S3. TEM EDX measurement of etched HNTs. EDX spectrum (above) and the TEM 
image of the measured region (below on the left). Calculated weight percentage for Al, Si and 
O as well as the Al/Si ratio are displayed in the table below. C and Cu signals are contributed 
from the TEM grid, whereas Na and P signals are contributed from PBS residues on the etched 
HNTs. Fe and Ni peak locations are indicated for information only while no significant signal 
was obtained for these elements.
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Table S2. Comparison of Zeta potential values of etched HNTs following their modification 
as measured in pure water and PBS 0.1 M pH 7.2

 Etched HNTs

Amino-
silanized 

etched HNTs
Carboxylated 
etched HNTs

In pure water -29±3 +25±3 -25±2

In 0.1 M PBS pH 7.2 -31±2 -7±1 -35±1
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Figure S4. Bright field and corresponding fluorescence micrographs of antibody-
functionalized HNTs (left panel) and non-functionalized carboxylated HNTs control 
(right panel) following immuno-labeling with fluorescein isothiocyanate (FITC)-anti-rabbit 
antibody (upper panel) and FITC-anti-mouse antibody (lower panel).
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Figure S5. Flow chart for the analytical procedure of high-throughput flow cytometry analysis: 
The investigated HNTs (antibody-functionalized or no-antibody controls) are mixed with the 
target bacteria (green fluorescent E. coli) and gently shaken for 2 h. Then, the suspension is 
transferred into the ImageStream instrument where it is passed in a flow cell while each 
suspended object is imaged separately generating thousands of images. Only images depicting 
green fluorescent objects in focus are passed forward to image analysis.
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Figure S6. High-throughput flow cytometry measurements. Cytograms of the gated images for 
all experiments positioned on object area vs. object perimeter plain with a well-defined region 
of “bound” bacteria (orange gate). All samples were measured after 2 h of gentle shaking at 
RT in PBS 0.1 M pH 7.2. Upper panel – mixtures of GFP/Amp E. coli (K-12, 1x108 cell mL-1) 
and antibody-functionalized HNTs (2 mg mL-1); middle panel – mixtures of GFP/Amp E. coli 
(K-12, 1x108 cell mL-1) and no-antibody control carboxylated HNTs (2 mg mL-1); and lower 
panel – only GFP/Amp E. coli (K-12, 1x108 cell mL-1). 
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