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1. Experimental

All silica NPs were purchased, stored, and exchanged between laboratories as ethanolic
dispersions. The samples were analyzed in NRC within 6 months from the time of purchase.
Aliquots of the same samples were shipped to BAM approximately 20 months after purchase.

1.1 gNMR experiments

BAM. Solution 'H NMR spectra were collected at room temperature (RT) on a JEOL JNM-
ECZ600R/M1 spectrometer operated at 600 MHz. The Silica NP samples were prepared by
drying ~ 20 mg at 70°C for 16 h, weighing ~ 10-15 mg, adding a known amount (~ 1-2 mg) of
maleic acid as an internal standard, and dissolving the mixture in 0.7 mL of NaOD in D,0 (1 M,
pH 14) under sonication for 30 min at RT and shaking for 2-3 h at 50°C. For the gNMR spectra,
single 90° pulses with an interpulse delay of at least seven times the longest T1 proton
relaxation time (< 7 s for the IS in 1 M NaOD) and 128 scans were used. Prior to fast Fourier
transformation (FFT), the free induction decays (FIDs) were multiplied with an exponential
window function (line broadening 0.3 Hz). Transformed spectra were referenced to the
residual solvent proton signal centered at 4.79 ppm (broad singlet), the phase was adjusted
manually, and baseline-corrected integral values for the methylene protons of the silane
groups and the internal standard were calculated.

NRC. In a 2-mL Eppendorf microcentrifuge tube, silica NPs were isolated from typically 1 mL
of ethanol dispersion by evaporating solvent with a steam of air. This created a thin film on
the walls of the tube. The tube was then freeze-dried overnight. After that, NaOD (0.65 mL,
0.4 M in D,0) was added, and the closed tube was placed into a heated mixer at 45 °C for 3 h
(1200 RPM). Prior to the measurement, the sample was allowed to cool down and the internal
standard (potassium hydrogen phthalate) was added. The gNMR was performed at 20 °C with
a Bruker Avance Ill 400 MHz spectrometer equipped with a 5 mm BBFO probe. The spin-
lattice-relaxation times (T;) of internal standard in specific solvents were sourced from the
guidance on TraceCERT® CRMs for quantitative NMR provided by the supplier. A relaxation
delay of at least 7x T, (standard) was used in the experiment [(T; (standard) > T, (analyte)].
The maximum value for the receiver gain was obtained. The 'H NMR spectrum was then
recorded using the 90° pulse program with the following parameters: 2 dummy transients, 16-
32 transients, and 20.0 ppm spectral width with 6.1 ppm transmitter offset. The acquired FID
spectra were processed by Fourier transformation and phase- and baseline-corrected
manually by a fifth-order polynomial fit. Analyte diagnostic signals were identified and
integrated and normalised for the number of protons. Integrals that deviated by >20 % from
the average of other integrals were excluded. The average of the remaining integrals was used
to calculate the final content ¢ expressed in umol of functional group per g of material and
ol (b XM/ (o X M) X "
standard deviation using the following equation: c [ g 1= - x 10° ,

where [, is the integral value of the internal standard resonance, I, is the integral value of the

analyte signal, nH, is number of hydrogen atoms corresponding to the internal standard
signal, nH, — number of hydrogen atoms corresponding to the analyte signal, m(St)’ is mass
of internal standard added in to the sample in g, M, is molecular weight of internal standard,
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and mg is the weighed mass of the sample in mg. The final values were calculated as an average
of individual experiment replicates with respective standard deviation.

1.1.1 Discussion on sample transfer and the gravimetric determination. An accurate
gravimetric determination is obviously a first critical step in the analysis. While this is relatively
simple for powdered samples, nanomaterials handled and stored in dispersions firstly require
the removal of the dispersant, since for the gqNMR quantification, the sample has to be
analyzed in deuterated solvents. Prior to the qgNMR experiment, at NRC, NPs were isolated by
careful evaporation of a known volume of the ethanol dispersion with a steam of air. As such,
the NPs were concentrated directly inside the reaction vessel (2 mL Eppendorf tube) where
they formed a thin film on the wall. The mass concentration of NPs in the dispersion was
determined independently by drying 0.5-2 mL of dispersion to constant weight (>20 h) at 110
°Cin an aluminum dish (in triplicate). The determined mass concentration was typically 10-20
% higher than the nominal value provided by the supplier. At BAM, 20 mg of silica NPs were
washed three times with ethanol and isolated by centrifugation, followed by drying for 16 h
at 70°C and weighing out the acquired powder. The powder was then weighed, transferred to
an Eppendorf tube, a known amount of an internal standard was added to the same tube,
followed by addition of the deuterated solvent, and the particles were dissolved following the
protocol outlined above. This procedure was, however, complicated by the hygroscopic
character of the dried nanoparticles rendering it difficult to achieve a stable reading on the
balance for some particle powders. Other possible uncertainties could arise from handling and
transferring small amounts of (potentially electrostatically charged) solid samples from the
balance to a tube.

In contrast, the gravimetric determination in an aluminum dish performed at NRC did not
suffer from this issue, probably because it did not require extensive manipulation of dried
material.

1.1.2. Determination of FG stability over prolonged storage at NRC. For 50 and 80 nm NP
samples, 1 mL of dispersion was centrifuged (for 5 k Rcf 20 min, and for 14 k RPM 10 min) and
the supernatant (950 ul) was carefully separated from the pellet. Any leftover liquid was
carefully removed from the pellet. Recovered supernatants were dried with a stream of air in
an Eppendorf tube. After that, 0.65 mL of NaOD 0.4M was added to this tube and the
hydrolysis at 45 °C was performed. For the 20 nm sample, 1 mL of dispersion was filtered
through an amicon microcentrifuge filter with 10 kDa cut-off for 20 min at 5k RPM. This way,
0.8 mL of filtrate was recovered and dried in a stream of air. To recover the NPs collected in
the filter, the filter was reversed and centrifuged for 1 min at 5k RPM. The filter was then
rinsed with 0.3 mL of EtOH, reversed, and centrifuged again. The recovered dispersion was
dried again with a steam of air. After removing ethanol by air-drying, all tubes were vacuum-
dried overnight at RT. The standard NRC qNMR protocol was applied (NaOD 0.4 M, 45 °C) to
quantify FG in the filtrate and the recovered pellet. The data are summarized in Table S4.

1.2 4-Nitrobenzaldehyde assay. A 500 pL aliquot of silica NP dispersion in ethanol was
pipetted into a microcentrifuge tube and centrifuged for 20 min. The supernatant was

removed and the NPs were redispersed by bath sonication (for at least 5 min) in 1 mL of dry
methanol containing an excess of 4-NBA (x100 fold, based on the estimated amine content
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corresponding to full monolayer coverage) and then reacted by heating overnight at 45 °C at
1100 rpm in a Ther-Mix heated mixer (Vitl Life Science Solutions). The particles were purified
by centrifugation for 20 min, after which the supernatant was discarded and the particles were
redispersed with fresh methanol to remove unreacted 4-NBA. The centrifugation/
redispersion steps were repeated a total of 4 times. The NPs were isolated by centrifugation
and removal of the supernatant, redispersed in hydrolysis solution (1:1 methanol/H,0), and
incubated at 45 °C overnight. Two additional rounds of hydrolysis were performed for 1 h
each. The three hydrolytic washes were saved and diluted for measurement of optical density
at 275 nm. Monitoring of individual hydrolysis solutions indicated that 4-NBA was removed
quantitatively with three hydrolysis steps. Calibration curves were prepared using 4-NBA in
hydrolysis solution (Figure S1).
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Figure S1. Calibration curve for the 4-nitrobenzaldehyde assay in methanol/water.

1.3 Ninhydrin Assay.

A 500 pL aliguot of silica NP dispersion (containing ~5 mg of NPs) was pipetted into a micro-
centrifuge tube and centrifuged at 14 000 rpm for 20 min using a Thermo Scientific Sorvall
Legend Micro 21R Microcentrifuge. Ethanol (200 uL) was removed and replaced with 200 pL
of water, and the sample was sonicated in a bath sonicator to redisperse the NPs. The sample
was transferred to a glass test tube and 100 pL of KCN and 75 uL of phenol were added
sequentially (from a Kaiser Kit, Anaspec). The tube was vortexed, and 75 pL of ninhydrin
reagent (also from the Kaiser Kit) was added. The tube was stoppered with a glass marble and
placed in a preheated water bath at 97 °C for 10 min. The tube was removed, cooled in ice
water, and poured into a 5 mL volumetric flask. The tube was rinsed with 60% EtOH, which
was added to the volumetric flask to give a final volume of 5 mL. A 200 pL aliquot was placed
in a centrifuge tube, diluted to a final volume of 1 mL in 60% EtOH, and centrifuged at 14 000
rpm for 20 min. The supernatant was then analyzed by UV-vis in a 1 cm path-length cell with
dilutions as needed to ensure that the optical density at 570 nm was below 0.8. The assay was
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calibrated using the same procedure for a minimum of five concentrations of octyl amine, as
shown in Figure S2.
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Figure S2. Calibration curves for the ninhydrin assay using octylamine in ethanol and 60%
ethanol/H,0.

1.4  SPDP Assay.

After three wash steps, 5 mg of silica NPs were suspended in 580 pL of phosphate buffer (0.01
M, pH 7.4), added to a solution of 2 umol of SPDP dissolved in 20 pL of DMSO and shaken at
700 rpm for 16 h at RT, followed by centrifugation at 10,000 g for 10 min. The supernatant
was removed, and the particle suspensions were washed three times with 400 pL of
phosphate buffer (0.01 M, pH 7.4). The combined supernatant fractions containing unreacted
SPDP were mixed with 50 uL of a TCEP stock solution (40 mM) in phosphate buffer to cleave
the disulfide bond of SPDP. The reaction mixture was shaken at 700 rom for 45 min at RT. The
amount of 2-TP was quantified spectrophotometrically at A,,s = 343 nm (e = (8000 + 100) M-
lem?).

Additionally, 50 uL of a TCEP stock solution were added to the washed particles which were
resuspended in 350 uL of phosphate buffer. After shaking at 700 rpm for 45 min at RT, the NP
suspension was washed twice with phosphate buffer. The amount of 2-TP in the combined
supernatant fractions was determined spectrophotometrically (see calibration curve in Figure
S3). Figure S4 demonstrates that scattering from residual silica NPs does not interfere with
the optical determination of 2-mercaptopyridine.
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SPDP calibration
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Figure S3. Calibration curve for SPDP assay.
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Figure S4. Absorption spectra of the SPDP optical assay (left 50 nm SiP and right 120 nm SiP).
Spectra of applied SPDP amount (not exposed to particles), in first supernatant 2-
mercaptopyridine cleaved from unbound SPDP (after centrifugation and separation of NPs),
and in the second supernatant the cleaved off 2-mercaptopyridine (after centrifugation and
separation of NPs). The two peaks originate from different optical transitions.

1.5 Estimation of the surface density and coverage of amine functional groups.
The surface functional groups density (FGD) in nm for each particle batch was estimated
according to the following formula (assuming perfect, monodisperse spheres):

4 (dy’
NNy NN; NNV NNAP?T(E) Nap g
FGD = <or=—or=""or"= e 6Ndz2.208x10_4mNd
p_V 41‘[(5)
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with:

N = mean amine amounts as measured by gNMR (arithmetic mean of gNMR values from both
labs as given in Table S3) in umol/g

Na =6.022 x 1022 molt = 6.022 x 10'7 umol* (Avogadro’s number)

d = mean TEM diameter of the particles from Table S1 and first column of Table S5 in nm
r=2.2gcm3=2.2x102% g nm3 (bulk density of amorphous silica according to reference!?
SA =4 p (d/2)? (surface area of a (perfectly spherical) particle in nm?)

V =4/3 p (d/2)3 (volume of a (perfectly spherical) particle in nm?3)

SSA = SA/(r V) (specific surface area of a (perfectly spherical) particle in nm?/g)

The theoretical upper limit for the functional group coverage (FGC) in % for the two probes 4-
NB and SPDP was calculated from the Functional Group Density (FGD, as defined above) and
the smallest footprint of the probe molecule bound to the aminopropylsilane group according
to the following formula:

FGC =min [1, m

}x 100%

with:
A = Footprint of the bound molecule (see Table S6) in nm?

FGD = Functional Group Density (see above) in nm™

Note that there are several assumptions and simplifications, and the values obtained present
only rough estimates. We assumed perfect, monodisperse spheres, the bulk density of sol-gel
particles might actually be lower than the value reported in ref 1 for amorphous silica, we
assumed a continuum of attachment sites on the surface, all atoms were modelled as hard
spheres using the van-der-Waals radii of the respective atoms, we neglected any
intermolecular interactions such as pi stacking or hydrogen bonding that could make other
orientations much more favorable, and, most importantly, the calculated footprints are just
the minimum dimensions of the oriented bounding boxes of the molecules as shown in Table
S6, i.e., considering only organic moieties and Si after a simple Force Field energy minimization
of the structure, without searching for the true minimum energy conformation. In reality,
there are also three oxygen groups bound to each Si, which can each carry other moieties.
This cannot only increase the footprint, but also lead to a specific binding angle to the particle
surface. However, to accurately account for these factors, more information on the surface
properties is required which is not readily accessible and beyond the scope of the current

1 Haynes, William M., ed.. CRC Handbook of Chemistry and Physics, 95th ed.; CRC Press: Boca Raton, 2014-
2015; 88
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work. Each of the three oxygen atoms from APTES could be a silanolate (Si-O°), a silanol (Si-
OH), an ethoxy group (Si-OEt; in case of incomplete APTES hydrolysis), or the oxygen atoms
could be bound to one or more oxygen atoms on the particle surface or neighboring APTES
molecules (Si-O-Si), each resulting in different steric demands and imposing different
restrictions on the binding angle, making a precise calculation without further knowledge of
the surface impossible.

Furthermore, we neglected the surface curvature. However, given the short length of the
aminopropyl group of APTES with a Si-N distance of approximately 0.528 nm, this should not
have a great impact on the results. For example, on a moderately crowded surface with a Si-
Si distance of 0.500 nm between two aminopropylsilanes, the N-N distance would be 0.526
nm for 20 nm particles or 0.504 nm for 120 nm particles when taking the curvature into
account, i.e., they differ only by 0.026 nm and 0.004 nm with respect to the Si-Si distance.
Hence, the error from other sources as discussed above is probably much larger than the
contribution of surface curvature in this case. For larger Si-Si distances the error increases,
however, since larger Si-Si distances also mean less crowded surfaces, the N-N distance
becomes increasingly less important in these cases (in fact, once the N-N distance is larger
than the footprint of the probe molecule, the precise distance should not matter at all for the
results of the surface group quantification).
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2. Tables

Table S1: Summary of the characterization data provided by the manufacturer and measured
at NRC within 3 months of receipt of samples and comparison with the DLS data measured at
BAM 20 months after purchase. As recommended by the manufacturer, a short bath
sonication of the stock dispersion was applied prior to dilution of the sample for the DLS
measurements. The DLS intensity weighted particle size distribution has been converted to a
number-based distribution for comparison to the number-weighted TEM distribution.

Sample Manufacturer data sheet Measured Measured at BAM
at NRC after 20 months
BET
TEM Mean Zeta specific Mean Mean Mean
diameter | Z-Ave | noiential | surface Z-Ave pDl | Number
[nm] [nm] [mV] area [nm] [nm]
[m?/g]
50 nm 48+ 3 83 +33.9 80 711 0.065 * |54+2
Batch 1 0.015
50 nm 48+ 3 83 +33.9 80 70+ 1 0.061 +|52%*1
Batch 2 0.008
20 nm 22.6+2.7 | 64 +20.5 691 0.136 +|42+%2
0.006
80 nm 79.7+5.9 | 109 +43.4 33 1251 0.061 +|98+%1
0.006
120 nm 118+ 8 145 +44.7 36 1501 0.045 + | 1276
0.021

Please note that in our experience, a direct comparison of diameters obtained from TEM vs.
DLS measurements is not always trivial. While TEM measures the diameter of a “hard sphere”
under vacuum conditions, DLS measures the hydrodynamic diameter in a solvent. Moreover,
the conditions during TEM image acquisition, i.e., high vacuum and a high energy electron
beam, can lead to a certain degree of shrinkage of sol-gel silica particles. In addition, the
weighting of the size distributions is different for TEM and DLS Z-average. In TEM, the particle
size is obtained by measuring the sizes of multiple particles and taking the mean value of the
resulting number-based particle size distribution (i.e., a distribution scaling linearly with radius
r), while in DLS, an intensity-weighted distribution (where intensity scales with r6 is measured
and used for calculating the Z-Average. With certain assumptions (perfectly spherical,
monomodal, and monodisperse particles), the intensity-weighted distribution obtained from
DLS measurements can be converted to a number-based distribution. We added these values
in addition to the more robust, intensity-weighted Z-Average values to Table S1, and they
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match the TEM diameters much more closely. Hence, we assume that particle aggregation is
not a major concern for the particles investigated in the current study, except for possibly the
20 nm particles which show the largest relative deviation of both values and also the largest
PDI, both being potential indications of (slight) aggregation.

Table S2: List of applied methods in respective laboratories and their description.

Method FG
LoQ* D ipti Ref.
(Lab) content oQ escription e
Surface-immobilized FGs generate signals in the NMR after
gNMR _ being released into the solution by the disintegration of the
(BAM & o 10 silica matrix in the basic environment. Quantification occurs | ;5 14
,9 umol/g | by comparison to an internal standard of known purity ’
NRC) added in a defined amount. The analyzed material is
destroyed.
A bimodal cleavable reporter dye for the quantification of
SPDP % accessible amino groups. Conjugated to amines via NHS
assa @ 1 esters, 2-mercaptopyridine reporter is released by cleaving | 14 16
y ot umol/g | the disulfide bond. The resulting reduced thiols on both the !
(BAM) < analyzed material and the free label can be determined by
ICP-OES or the Ellman assay.
o A  simple “catch and release” assay using 4-
4-NB o 1 nitrobenzaldehyde to form a stable Schiff base upon reaction
Assay ﬁ mol/ with surface amine. After purification, the chromophore is | 15
(NRC) 3 K & hydrolyzed and quantified in the supernatant. The analyzed
< NP are regenerated.
An established colorimetric assay traditionally used for
. . v
Ninhydrin o 1 amino acid analysis. Surface amines are transformed to
assay ﬁ mol/ aldehydes and Ruheman’s purple dye is continuously | 1°
(NRC) o] a g generated. The reaction conditions (100 °C) degrade the
< analyzed material.

*Limit of quantification (LOQ; using = 10 mg of sample)

We also performed a brief statistical analysis of the NMR data of the two labs using a paired t-test
which is commonly used for measurements of the same sample. The subsequently obtained p values
are summarized in Table S3. As shown in this table, the test results do not reveal significant differences
between laboratories for any of the measurements.
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Table S3: Comparison of amine quantification by gNMR and optical assays between the two labs. Note that standard deviations in NRC measurements include

the error from gravimetric determination of NP concentration in the dispersion.

Accessible Amine Functional Groups [umol/g], RSD Total Amine Functional Groups [umol/g] by gNMR, RSD Relative
Standard
Deviation on
. Gravimetry®
Silica NPs
P value
SPDP (BAM) Ninhydrin (NRC) 4-NB (NRC) BAM NRC@ (paired t NRC
test)
50 nm 4514 48+ 8 16.7 53+4 56+0 0% 57+1 +05%
Batch 1 (n=3) 8.9 (n=3) (n=9) 7.5% (n=2) (n=3) 1.8% 0.500 (n=3)
50 nm 467 47 +1 2.1% 66+ 12 56t1 2% 64+1 +1.0%
Batch 2 (n=3) 15.2 (n=9) (n=9) 18.2% (n=2) (n=3) 1.6% 0.114 (n=2)
20 nm 306t4 320+31 9.7% 459 + 34 490+ 73 15% 655+ 49 +74%
(n=3) 1.3 (n=6) (n=6) 7.4% (n=3) (n=3) 7.5% 0.073 (n=3)
80 nm 92+10 103 +£5 4.9% 132 +15 121+10 8% 145+3 +2.0%
n=3 n=9 n=9 n=2 n=3 n=3
( ) 10.9 ( ) ( ) 11.4% ( ) ( ) 2.1% 0.319 ( )
120 nm 1096 117 +4 3.4% 122 +3 171+13 8% 1794 +1.4%
(n=3) 5.5 (n=6) (n=6) 2.5% (n=3) (n=3) 2.2% 0.330 (n=3)
Average 84+ 75t 9.3t 3.1+£2.2
relative 4.7 % 55% 53% 6.5+5.3 %
standard %
deviation

% Data taken from Sun et al, Nanoscale Advances 2019, 1, 1598-1607.
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Table S4: Aminopropylsiloxane group stability assessed by separating particles from the ethanol
storage media. Note that the amount of amines found in the dispersant (supernatant) is almost below
LOD in 50 and 20 nm samples, a minor amount of amines could be detected in the 80 nm B2
supernatant. Since the 20 nm sample was difficult to spin down, with the pellet quickly dispersing back
to solution, this sample was filtered using an Amicon microcentrifuge filter (10 kDa). It is assumed that
the cellulose-based filter does not adsorb hydrolysed amines.

Supernatant after 20 | Pellet after 20 months | Original
months storage in EtOH | storage in EtOH | Determination
(mmol/g) (umol/g) (umol/g)
NC80 B8 11.3+0.2 133.7+1.5 145+ 3
NC50 B8 (B2) BLD 63.3+0.0 64+1
NC 20 B8 3.9+0.1 (Filtrate) 338.0 + 2.0* (Recovered | 6553
Pellet)

*This value is less than the original determination indicating that the particles may have been trapped
in the Amicon filter.

Table S5: Estimated maximum coverage of total amine groups by 4-NB and SPDP.

Mean Calc. Calc. mean Theroret. Theroret. Found Found

Size mean specific Maximum | Maximum | 4-NB [%] SPDP

(from specific surface amine amine [%]

TEM) surface density of | coyerage 4- | coverage

[nm] area amine groups NB [%]® SPDP [%]°

[nm?/g]? (from qNMR)
[nm?]

20 nm 22.6 1.21E+20 | 2.86 100 72.9 80.2 53.4
50 nm 100
Batch1 | 48.0 5.68E+19 | 0.60 100 93.8 79.6
50 nm 100
Batch 2 | 48.0 5.68E+19 | 0.64 100 110.0 76.7
80nm | 79.9 3.42E+19 | 2.34 100 89.0 99.2 69.2
120nm | 118 2.31E+19 | 4.56 68.5 45.7 69.7 62.3

aAssuming a bulk density of 2.2 g/cm3 and perfect spheres
bAssuming a footprint of 0.8 x 0.4 nm?
cAssuming a footprint of 0.8 x 0.6 nm?
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Table S6: Estimated steric demand of the individual probe molecules.

Size [nm3]® | Footprint [nm?] 4-NB (bound)? SPDP (bound)?
4-NB (unbound) | 1.0x0.7x0.3 | 0.21
4-NB (bound)? 1.6x0.8x0.4 | 0.32
Ninhydrin 0.9x0.8x0.5 | 0.40
SPDP (unbound) | 1.6 x 0.8 x 0.6 | 0.48
SPDP (bound)? 19x0.8x0.6 | 0.48

20nly the organic moieties and Si were considered
bOriented Bounding Box
‘Taken as the area of the smallest face of the oriented bounding box
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3. NMR Figures
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Figure S5: Analyzed gNMR spectra of 50 nm (Batch 1) in 0.7 mL of NaOD in D,0 (1 M, pH 14) with
maleic acid as IS (top - BAM, bottom - NRC).
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Figure S6: Analyzed qNMR spectra of 50 nm (Batch 2) in 0.7 mL of NaOD in D,0 (1 M, pH 14) with
maleic acid as IS (top - BAM, bottom - NRC)..
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Figure S7: Analyzed qNMR spectra of 20 nm in 0.7 mL of NaOD in D,0 (1 M, pH 14) with maleic acid as

IS (top - BAM, bottom - NRC).
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Figure S9: Analyzed gNMR spectra of 120 nm in 0.7 mL of NaOD in D,0 (1 M, pH 14) with maleic acid

as IS (top - BAM, bottom — NRC).
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