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ABSTRACT:  

Risk assessment of nanomaterials requires not only standardized toxicity studies but also 

validated methods for nanomaterial surface characterization with known uncertainties. In this 

context, a first bilateral interlaboratory comparison on surface group quantification of 

nanomaterials is presented that assesses different reporter-free and labeling methods for the 

quantification of the total and accessible number of amine functionalities on commercially 

available silica nanoparticles that are widely used in the life sciences. The overall goal of this 

comparison is the identification of optimum methods as well as achievable measurement 

uncertainties and the comparability of the results across laboratories. We also examined the 

robustness and ease of implementation of the applied analytical methods and discuss method-

inherent limitations. In summary, this comparison presents a first step towards the eventually 

required standardization of methods for surface group quantification. 

 

Introduction 

Surface-modified nanoparticles (NPs) are increasingly used in the life and material sciences 
1,2,3. The chemical composition of the nanomaterial surface determines its 

hydrophobicity/hydrophilicity, its dispersibility in a specific environment like a body fluid or a 

polymer for display technology, the choice of suitable conjugation strategies for applications 

as reporters in assays or targeted probes for bioimaging studies as well as its interaction with 

other materials or living organisms and thereby its potential toxicity4. To improve the 

nanomaterial’s colloidal stability, processability, and biocompatibility, their surfaces are often 

functionalized with ligands or functional groups (FGs). In particular amines are used to 

introduce a positive charge or a reactive functionality that allows for conjugating different 

(bio)ligands such as polyethylene glycol (PEG) or proteins for bioanalytical and biomedical 

applications5. The extent of surface amination can have a significant influence on NP cellular 

uptake and nanomaterials with a high density of amino groups, that typically reveal a positive 

Zeta potential, have also been correlated with increased toxicity6,7. This underlines the 

importance of methods that can accurately quantify common FGs, especially for biomedical 

applications and their quality control. Although a number of methods for the identification and 

quantification of surface FGs have been reported8, they vary in applicability, sensitivity, and 

robustness as well as in time and resource requirements. Also, they can suffer from material-

induced limitations in a method-specific manner. For example certain optical assays can be 

prone to interferences from NP size- and refractive index-dependent scattering or from NP 

absorption and luminescence in the case of semiconductor quantum dots, magnetic iron oxide 
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NPs or upconversion NPs9. Moreover, the quantification potential of some methods for FG 

analysis and achievable measurement uncertainties are still debated. In addition, one should 

distinguish between methods that provide the total number of FGs and those giving the number 

of accessible (chemically available or derivatizable) FGs10. The former largely determines NP 

dispersibility and colloidal stability and, in the case of (de)protonatable FGs, also NP charge 

while the latter is relevant for all types of functionalization. 

The total number of FGs can be determined by solution and solid state nuclear magnetic 

resonance (NMR), thermogravimetric analysis (TGA), inductively coupled plasma-optical 

emission spectrometry (ICP-OES)11,12,13,14 and mass spectrometry (ICP-MS) and 

electrochemical titration methods, depending on the chemical nature of the functionalities and 

the nanoparticle matrix. Solution quantitative NMR (qNMR) is particularly well-suited for total 

FG quantification on materials that can readily be dissolved such as silica NPs, utilizing, e.g. 

basic conditions to efficiently hydrolyze the siloxane bonds between the FGs and the silica 

matrix. This approach avoids the issues associated with NMR detection of FGs immobilized on 

the NP surface but does require base stability and solubility of the released FGs in the deuterated 

solvent used for hydrolysis. For inorganic NPs, TGA can be used and for FGs containing 

heteroatoms such as sulfur, ICP-OES11,12,13 and ICP-MS are suitable as well (for sulfur-free 

NPs). For (de)protonatable FGs (e.g., carboxy and amino), electrochemical titration methods 

such as conductometry present interesting alternatives provided other potentially interfering 

(de)protonatable FGs such as Si-OH groups in all types of silica nanomaterials14 or impurities 

like surfactants remaining from NP synthesis are not present simultaneously.  

The accessible fraction of FGs is typically determined via a chemical reaction that should 

ideally be fast and quantitative and generate an easily detectable and stable product. 

Quantification is done with the aid of calibration curves. This is commonly accomplished with 

simple optical assays involving or generating absorbing or fluorescent compounds which 

require only basic laboratory instrumentation and no specific training. Reporters used in such 

assays range from conventional “always on” dyes bearing reactive groups such as fluorescein 

derivatives to “turn-on”, activatable labels like Fluram that become strongly absorptive and/or 

emissive upon reaction with the respective FG, or dyes which change their optical properties 

upon conjugation to specific FGs9. Drawbacks of these optical assays are the environment 

sensitivity of the signal-relevant properties of most optical probes, particularly their 

fluorescence features, leading to surface binding-induced changes in the spectroscopic 

properties, which must be considered for signal calibration and interactions between 

neighboring dye molecules that can result in fluorescence quenching. Moreover, as mentioned 

before, for assays that are read out in the presence of NPs, optical interferences from the NP 

can affect assay results and the applicability of the respective assays. As optical assays involve 

a labeling step, they can also help to predict the results of other functionalization steps utilizing 

the same conjugation chemistry and provide a tool to estimate e.g., the amounts of precious 

biomolecules required for bioconjugation reactions. Here, however, steric effects related to the 

size and shape of the coupling agent as well as electrostatic effects related to reagent charge 

should be considered for coupling reactions that involve larger reagents, such as high-molecular 

weight carbohydrates, peptides, and antibodies.  

The development of standard operating procedures (SOPs) and suitable protocols for 

quantifying the total and accessible number of FGs on bioanalytically relevant NPs always 

requires a careful validation. This includes the determination of the reproducibility, precision, 
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and achievable measurement uncertainties of the analytical method used and preferably, 

eventually an interlaboratory comparison. However, until now, methods for FG quantification 

are rarely compared and cross-validated in multiple laboratories15. Therefore, two national 

metrology laboratories joined forces to assess common methods for the quantification of the 

total and accessible number of FGs, relying on different signal generation schemes that have 

been previously examined individually in both laboratories11,16,14. With the overall goal of 

developing standardized protocols for FG analysis of nanomaterials widely used in the life 

sciences and the health sector we have selected silica NPs as a model nanomaterial that is used 

e.g., for the fabrication of optical reporters and triggered release systems, functional or 

protective coatings for other nanomaterials, and control samples for toxicity assays (utilizing 

aminated particles as “positive control”). For the quantification of the total FG content, solution 

qNMR is employed in both laboratories to evaluate the method’s reproducibility and ease of 

implementation. For the quantification of accessible amine FGs, three photometric assays 

utilizing different, yet commonly used reporters and signal generation strategies were applied. 

This includes the colorimetric ninhydrin assay established for amino acid analysis and two 

colorimetric catch and release assays employing succinimidyl 3-(2-pyridyldithio)propionate 

(SPDP) and 4-nitrobenzalehyde (4-NB).  Subsequently the results obtained with these different 

methods are compared and advantages, challenges, and limitations of each method are 

discussed  

 

Experimental 

NRC: Amine-modified silica NPs (20 nm, 2 batches of 50 nm, 80 nm, and 120 nm) were 

purchased from NanoComposix USA as ethanolic suspensions (≈ 10 mg/mL). The two batches 

of 50 nm particles had the same lot number, although they were purchased 7 months apart. The 

detailed material history is not known; however, the manufacturer disclosed that these NPs were 

prepared by the Stöber process and functionalized with 3-aminopropyl groups in a separate 

step. The stability of surface groups in the ethanol suspensions was verified for a period of 18 

months after purchase by qNMR analysis of the supernatant (see SI). Each batch was supplied 

in 4 aliquot vials. The exact mass fraction (w/v) of silica NPs in one vial of each batch was 

gravimetrically determined by drying 0.5-2 mL of suspension in an aluminum dish at 110 °C 

to constant mass (> 20 hours) in triplicate. Samples were analyzed within 6 months of receipt 

and aliquots were sent to BAM 20 months after receipt.   

4-Nitrobenzaldehyde (4-NBA), Kaiser ninhydrin test kit, deuterium oxide 99.9%, sodium 

deuteroxide (10 M in D2O), and TraceCERT® potassium hydrogen phthalate were purchased 

from Sigma Aldrich (Canada). All aqueous solutions were prepared with deionized water (18.2 

M cm, MilliQ). Centrifugation of NP suspensions was carried out with a Hettich Universal 

320R centrifuge at 14 000 rpm. 

BAM: N-succinimidyl-3-(2-pyridyldithio)propionate (SPDP), and tris(2-carboxyethyl) 

phosphine hydrochloride (TCEP) were purchased from Thermo Fisher Scientific Germany BV 

& Co KG (Germany), dimethyl sulfoxide, sodium dihydrogen phosphate, sodium hydroxide, 

deuterium oxide 99.9%, and sodium deuteroxide (10 M in D2O) were obtained from Sigma-

Aldrich Co. (Germany). All solutions and buffers were prepared with Milli-Q water (Millipore). 

Centrifugation of silica NP suspensions was carried out with an Eppendorf centrifuge at 

10000 g.  
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The protocols for the performance of qNMR and the optical assays were previously published 
11,16,14; a detailed description of the methods is provided in the SI.   

Dynamic Light Scattering (DLS) measurements were done with a Zetasizer Nano ZS instrument 

from Malvern Instruments Ltd. and the data were analyzed with the Zetasizer Software v7.02 

using the cumulant fit. All samples were measured at T = 25°C using PS-semi-micro cuvettes 

from ratiolab at concentration 0.1 mg/mL in ethanol. 

Results and Discussion 

As a first step towards a standardized FG determination, a bilateral comparison of qNMR and 

several optical methods for determining the total and accessible amount of surface FGs of five 

batches of commercial, differently sized aminated silica NPs was carried out by two 

metrological institutes utilizing different instrumentation and operators. Samples analyzed 

included 20 nm-, two batches of 50 nm-, 80 nm-, and 120 nm-diameter amine-functionalized 

NPs (see SI, Table S1). These samples have been previously measured and published by NRC16 

and were remeasured to confirm sample stability within the scope of this study. All silica NPs 

were purchased, stored, and exchanged between laboratories as ethanolic dispersions. The 

colloidal stability of the samples analyzed by both labs was verified by dynamic light scattering 

measurements (Table S1), since potential aggregation could lead to under-reporting in optical 

assays. Figure 1 provides an overview of the various quantification methods assessed, showing 

a schematic presentation of the principle and reaction mechanisms of each method. More details 

on the analytical methods employed are given in the SI in Table S4. 

 

 

Figure 1: Schematic presentation of the principle and reaction mechanisms for the various 

quantification methods: a) dissolution qNMR, and the three photometric methods, namely b) 

the ninhydrin assay, c) SPDP assay, and d) 4-NB assay.  
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Quantitative NMR. We first evaluated the reproducibility of the qNMR method for total FG 

quantification utilizing each laboratory´s previously optimized protocols to identify best 

practices. qNMR has been reported as a reliable method for the quantification of FGs on silica 

NPs17. In this method, surface FGs generate signals after being released into the solution by the 

disintegration of the silica matrix in a basic environment; quantification is achieved by addition 

of an internal standard. The principle, working protocol, and limitations of this method have 

been described in detail in the previous work from NRC11 where the method showed a good 

day-to-day reproducibility for samples of dispersed aminated silica NPs and powders, typically 

<5 %, and the limit of quantification was determined to be ~10 µmol/g. At BAM, qNMR and 

optical assays have previously been applied to determine the total and derivatizable amount of 

FGs on aminated and carboxylated mesoporous silica nanoparticles14. In the present work, a 

comparison of the qNMR data acquired in both laboratories is presented in Figure 2. The 

individual values can be found in Table S2 in the SI. The variation between labs is typically 

within < 10%. For the 50 nm (batch 1 B1) and 120 nm silica NP, the results of both labs fall 

within 1 sigma, for the 20 nm and 80 nm silica NP the results are within 2 sigma, and for the 

2nd batch of 50 nm particles (batch 2 B2) the deviations are larger in terms of standard deviation, 

which is however partially due to the unusually large standard deviations of the 20 nm silica 

NP batch and the unusually small standard deviations of the 2nd batch of 50 nm NPs. 

Combining all qNMR measurements performed at NRC reveals a relatively low relative 

standard deviation (RSD) of 1.5 ± 0.6 %; however, including the uncertainty originating from 

the gravimetric determination of the NP concentration increases the RSD to 3.1 ± 2.2 %. The 

RSD in the BAM measurements is 10.1 ± 9.0 %. This discrepancy is attributed mainly to the 

inclusion of the errors of weighing and handling small amounts of the internal standard and 

dried NP powders for the determination of the sample mass prior to each qNMR measurement 

in the procedure followed at BAM as opposed to using and handling stock solutions. It is 

predominantly caused by a single sample, the 20 nm silica NPs, which showed an unusually 

high RSD of 14.9 %. Based on our previous qNMR study we considered several factors that 

might account for the large standard deviation (e.g., evaporation of dispersant, FG hydrolysis 

over prolonged storage time or sample contamination). By repeating the determination of mass 

concentration by gravimetry, we confirmed that significant solvent evaporation did not occur 

over prolonged storage (solvent evaporation at levels of 0-4 %). Although the hydrolysis of 

siloxane bonds is much slower in ethanol than in water, we investigated the possibility of FG 

hydrolysis from the NP surface over the prolonged storage period of about 20 months. As shown 

in Table S3, the amount of free amines found in the supernatant is almost below the LOD for 

the 50 nm and 20 nm samples, and a small amount of amines could be detected in the 

supernatant of the 80 nm silica NP (batch B2). This minor level of hydrolysis could account for 

the small variations between the BAM and NRC results for the 80 nm sample yielding values 

of 121 ± 10 mol/g and 145 ± 3 mol/g, respectively, as the BAM protocol includes a washing 

step, that is expected to remove the free amine fraction from the dispersion sample. However, 

free amines were not detected in significant concentration in the 20 nm sample, hence the large 

standard deviation cannot be ascribed to a poor sample stability. We also investigated the 

possible presence of impurities as the source of uncertainty. The 20 nm sample showed a singlet 

at ~1.8 ppm in both laboratories. This signal is attributed to acetate used by the NP manufacturer 

for Zeta potential measurements. However, acetate contribution to the mass of the sample is 



6 

 

below 1%, so it is unlikely the impurity accounts for the discrepancy between the laboratories. 

Since the results obtained by the two laboratories for the larger NPs show much lower standard 

deviations and generally agree very well, we hypothesized that the source of variability 

observed for the 20 nm NP could originate from the high surface area that complicates precise 

gravimetric determination due to rapid water adsorption. In fact, the NRC gravimetric 

determination shows the highest individual RSD for the 20 nm sample with a value of ± 7.4 % 

and lower values for larger NPs with RSD between 0.5-2.0 %. 

Figure 2: Comparison of amine functional group quantification measured by qNMR and three 

different optical assays in two laboratories.   

 

Optical assays. For the quantification of the amount of accessible FGs, three different optical 

assays developed and optimized in each lab were used highlighted in Figure 1 and their 

precision and possible limitations were evaluated16,14.9. To overcome challenges imposed on 

optical detection schemes by particle scattering and dye-dye interactions, the ninhydrin assay, 

an established colorimetric method traditionally used for amino acid analysis, was used, as well 

as two catch and release assays of different complexity, employing SPDP (SPDP assay) and 4-

NB (4-NB assay). The results for the quantification of amine FGs using the different optical 

assays are summarized in Figure 2.  

As highlighted in Figure 1, the underlying principles and reaction conditions of these three 

assays differ quite significantly, and the results are determined by a combination of the 

reactivity of the probe, the underlying reaction mechanism, the yield of the reaction, and - at 

least in the case of crowded surfaces - possibly also the steric demand or footprint of the label. 

The ninhydrin reaction starts with the formation of an imine, followed by tautomerization and 

hydrolysis steps which lead to replacement of the amine group on the surface by an aldehyde. 

Then, the actual chromophore that is used for optical readout, Ruhemann’s purple, is formed in 

solution. This means that the chromophore does not remain bound to the amines on the surface 
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unlike in the SPDP and 4-NB assays. Nevertheless, the surface chemistry is still altered since 

the amines are replaced by aldehydes. Note that the reaction conditions (100 °C) degrade the 

analyzed material which means that the analyzed NP cannot be used afterwards for validation 

of the results with another analytical technique. The SPDP assay uses the bimodal cleavable 

reporter 2-mercaptopyridine that is bound to a short mercaptopropionic acid linker. Reaction of 

the surface amine groups with SPDP yields an amide bond through NHS ester chemistry, and 

the linker and chromophore, 2-mercaptopyridine, remain attached to the NP surface until the 

chromophore is released through reductive disulfide bond cleavage by TCEP. This yields 2-

mercaptopyridine that can be detected photometrically as well as reduced thiols on both the 

analyzed material and the free label. This assay was previously validated at BAM by ICP-OES 

and the photometric Ellman‘s assay9,14. The 4-NB assay previously used by NRC is based on a 

somewhat simpler ‘bind and release’ mechanism. Surface amines are conjugated with 4-NB to 

form a stable Schiff base. After purification, the chromophore is hydrolyzed and 

photometrically quantified in the supernatant, regenerating the analyzed NPs. 

As shown in Figure 2, the reproducibility of the optical assays within the individual labs studied 

in a day-to-day manner reveals RSDs of typically < 10 %. The limit of quantification (LOQ) is 

~1 µmol/g. The amine contents determined by the SPDP and ninhydrin assays match between 

both laboratories for all five samples, after taking the standard deviation of each determination 

into account. Also the 4-NB assay yields similar amine amounts as the ninhydrin and the SPDP 

assay within the respective RSD  for 50 nm silica NP (batch B1) and 120 nm silica NP, while 

for 20 nm, 50 nm (batch B2), and 80 nm silica NP a higher amine content is observed for the 

4-NB assay. A similar trend was noticed in a previous NRC study with a larger set of samples 

where 4-NB routinely reported higher amine content than the ninhydrin assay16.  

The good agreement of the ninhydrin and SPDP assays is noteworthy, since the two reactions 

differ in their steric requirements. SPDP is the larger of the two reagents, which would be 

expected to lead to a higher surface crowding. Ninhydrin, in addition to being a smaller reagent, 

reacts with amines and releases the product dye into solution; both factors might be expected 

to result in the reaction of a larger fraction of surface FGs with ninhydrin. The similarity of the 

results of the two assays indicates that steric effects are not the dominant factor in determining 

the fraction of FGs with the different reporters for the FG densities of the NPs utilized in this 

study, unless the higher steric demand of SPDP could be counterbalanced by a higher reactivity, 

better reaction yield, or more favorable interactions with the (partially) modified surface. 

Estimating the surface density of amine groups for each particle batch gave values between 0.6 

nm-2 and 4.6 nm-2 (using the mean amine amounts as measured by qNMR, the mean TEM 

diameters of the particles from Table S1, and assuming a bulk density of 2.2 g/cm3 18  for 

amorphous silica and perfectly spherical particles), see SI, Table S5. While the size of the 

unbound probe molecules differs quite a bit, ranging from 0.21 nm2 for 4-NB to 0.48 nm2 for 

SPDP, the footprint of the bound molecules is more similar for 4-NB and SPDP, namely 0.32 

nm2 and 0.48 nm2, corresponding to a maximum surface density of 3.1 nm-2 and 2.1 nm-2 when 

considering the minimum area of oriented bounding boxes of the organic moieties and 

neglecting surface curvature (see SI, Table S6). This is because SPDP looses its NHS ester and 

can then bind to the amine groups mostly in all-trans configuration, while the Schiff base 

formed by 4-NB dictates a certain angle. Hence, a comparison of the footprints of bound 

molecules and the total amine surface densities suggests that steric hindrance should not be a 

major limiting factor for these two probes, theoretically allowing amine group coverages of 
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100%, 100%, 100%, 100%, and 69% for 4-NB and 73%, 100%, 100%, 89%, and 46% for SPDP 

for the 20 nm, 50 nm (batch 1), 50 nm (batch 2), 80 nm and 120 nm silica NPs, respectively. 

Note that ninhydrin does not stay bound to the surface after reaction, so here steric effects 

should not play a limiting role, either. 

The fact that the results from all assays were generally quite similar and that the assays were 

performed in two different laboratories increases the confidence in the reliability of the obtained 

results. The choice of the most appropriate assay may hence depend on the intended application 

or practical considerations. For determining the amount of amines accessible for further 

functionalization with NHS esters, the SPDP assay is probably the obvious choice, while 4-NB 

might be better suited when the amount of accessible amine groups for aldehyde attachment is 

of interest, e.g. for binding carbohydrates via a Borch reaction.  

Overall, the typical RSD of SPDP performed at BAM was 8.4 ± 4.7 %, which compares well 

with RSD values achieved at NRC of 7.5 ± 5.5 %, and 9.3 ± 5.3 % for ninhydrin and 4-NB 

assays, respectively. Interestingly, an RSD of only 1.3 % was observed for the 20 nm sample 

at BAM using the SPDP assay despite the more complex sample isolation procedure. At NRC, 

when accounting for the uncertainty from gravimetry, the 20 nm sample achieved the highest 

RSD 9.7 % and 7.4 % with ninhydrin and 4-NB respectively. 

When comparing the results from the optical assays with the qNMR measurements (see Figure 

1) it is obvious, that qNMR measures a higher total amine content than any of the chemical 

assays as to be expected. This confirms that a fraction of FGs is not accessible to the reagents 

utilized for the optical assays. Nevertheless, while other reports of optical assays showed that a 

relatively small fraction of the total FG content was measured,19,20,21
 the three optical assays 

described in this work all captured a significant fraction of the total amine content.  

 

Conclusion and outlook  

In summary, we presented a comparison of different analytical methods developed and 

individually validated by two laboratories for the quantification of the number of the total and 

accessible surface amine groups on silica nanoparticles (NPs) as the first step towards the 

development of standardized methods for surface group quantification. In this context, the 

reproducibility and comparability of different commonly used analytical methods was assessed 

as well as the sensitivity and precision of these methods within the individual laboratories. The 

advantages and limitations of the optical assays and qNMR are compared in Table 1 and first 

recommendations on best suited methods are given.  

Table 1: Evaluation of the practicality of the analytical methods assessed for FG quantification   

 Pros Cons 

Ninhydrin assay Readout in VIS region (570 nm), 

result within 20 min 

Toxic reagents (KCN, phenol, 

pyridine), requires heating to 100 °C 

SPDP assay Non-toxic reagents, works at RT Result within 1 day, readout in UV (343 

nm) 

4-NB assay Simple execution, requires moderate 

heating (45 °C) 

Results within 2 days, requires 

anhydrous solvents, readout in UV (276 

nm) 
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qNMR Sensitive to all hydrocarbon FGs, 

requires moderate sample prep (45 

°C) 

Difficult and costly operation and not as 

common as UV/VIS spectroscopy in 

many life sciences laboratories, limited 

to materials dissolvable under mild 

conditions  

 

In general, the results were reproduced in both participating laboratories with good precision. 

In the case of the qNMR studies, providing the total amount of FG, where both laboratories 

utilized slight variations in sample preparation methods, the sample manipulation procedure 

necessary for the transfer of colloidal samples to a deuterated solvent was identified as the major 

source of variability. This is evident from the results of NRC that separated the qNMR sample 

digestion and gravimetric determination steps. While the repeatability of individually 

evaporated and digested samples is fairly good with an average relative standard deviation 

(RSD) of 1.5 ± 0.6 %, the measurement uncertainty increases to 3.1 ± 2.2 % when accounting 

for the gravimetric determination of w/v particle concentration. The method applied at BAM 

showed an RSD of 15% for the 20 nm silica NP and values ≤ 8% for all other samples; however, 

this method involved a more complex sample preparation. The largest discrepancy in measured 

amine content between the two laboratories was obtained for 20 nm silica NPs which also 

revealed unusually high RSD for the 20 nm sample as observed by both BAM and NRC with 

values of 14.9 %, and 7.5 %, respectively. Apparently, determining NP mass fraction in the 

stock dispersion in an independent step can reduce the preparation-related uncertainty, and it is 

most useful when a large number of experiments has to be done with the same sample. 

However, if this method is used, one has to confirm that there is no loss of FG during the storage 

time for the dispersion and no change in concentration due to solvent evaporation. Although 

the issues with the precision of the gravimetric determination are likely the main factor 

contributing to the variability of the results of the 20 nm silica NPs, we anticipate that an 

additional, yet still unknown phenomenon could affect the accuracy of the qNMR method for 

particles with small diameters. In the future, to better characterize this process, further sources 

of uncertainty should be considered like the uncertainty of the volumetric measurement or 

optimization of the gravimetric parameters (drying temperature, container, relative humidity). 

As we observed a better precision for NP samples with diameters ≥ 50 nm than for 20 nm 

samples, and since we were unable to determine the source of uncertainty in this case, future 

studies should focus on a more detailed investigation of small NPs with diameters < 20 nm. 

Therefore, more systematic studies by both labs are planned, focusing particularly on aminated 

silica NPs with sizes < 30 nm and different amounts of amino groups. Moreover, the same 

gravimetric determination should be used in both laboratories, i.e., known volumes of NP 

dispersions with a known nominal NP concentration should be analyzed in both labs.  

Assessing the overall applicability of qNMR, this method can be viewed as a versatile tool for 

detailed research studies of nanomaterial FG structure. However, it is limited to materials that 

can be dissolved and it should be remembered that the high operation costs and potentially 

difficult accessibility in life science labs make it less practical than optical assays.  

Optical assays allow assessment of the accessibility of surface functional groups (FGs) to 

chemical reagents from the solution, and the good agreement between the different optical 

assays performed in both labs qualifies these assays for the quantification of available amino 

groups. The typical RSD of SPDP performed at BAM of 8.4 ± 4.7 % compares well with RSD 

values achieved at NRC of 7.5 ± 5.5 %, and 9.3 ± 5.3 % for ninhydrin and 4-NB assays, 
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respectively. Compared to qNMR, the optical assays typically achieve approximately ten times 

higher sensitivities with common laboratory instrumentation. The sensitivity and ease of use of 

these optical methods make them suitable for routine quality control in the nanomaterial 

manufacturing and for life science laboratories. A more detailed comparison of the three optical 

assays compared in this study and qNMR is summarized in Table 2. 

 

Table 2: Comparison of the applicability of the analytical methods assessed for FG 

quantification. 

 

The main prerequisite for an accurate determination for all colorimetric (and fluorometric) 

assays is the colloidal stability of the material as particle agglomeration and aggregation can 

hamper the accessibility of surface FG. Therefore, this parameter should be verified by an 

appropriate technique such as a light scattering method prior to sample preparation. For a 

generalization of these optical assays, they must be tested with a broader range of 

nanomaterials, thereby accounting for material-specific effects such as the adsorption of 

unreacted reporters or specific reaction conditions such as the solvent and pH. Furthermore, 

although this bilateral comparison has demonstrated good agreement between laboratories for 

amine-modified silica, it will be important to examine the reliability and reproducibility of 

optical assays for other application-relevant FGs such as carboxy (-COOH) or thiol (-SH) 

groups in multi-laboratory comparisons in the future. 
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