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ABSTRACT: Porous silicon (PSi) nanoparticles have been applied in various
fields, such as catalysis, imaging, and biomedical applications, because of their large
specific surface area, easily modifiable surface chemistry, biocompatibility, and
biodegradability. For biomedical applications, it is important to precisely control
the surface modification of PSi-based materials and quantify the functionalization
density, which determines the nanoparticle’s behavior in the biological system.
Therefore, we propose here an optimized solution to quantify the functionalization
groups on PSi, based on the nuclear magnetic resonance (NMR) method by
combining the hydrolysis with standard 1H NMR experiments. We optimized the
hydrolysis conditions to degrade the PSi, providing mobility to the molecules for
NMR detection. The NMR parameters were also optimized by relaxation delay
and the number of scans to provide reliable NMR spectra. With an internal
standard, we quantitatively analyzed the surficial amine groups and their sequential
modification of polyethylene glycol. Our investigation provides a reliable, fast, and straightforward method in quantitative analysis of
the surficial modification characterization of PSi requiring a small amount of sample.
KEYWORDS: porous silicon, nanoparticles, quantitative NMR, surface chemistry

Porous silicon (PSi) was accidentally discovered by Uhlir
while searching for a technique to shape the surface of

silicon.1 During the following decades, scientists have proved
the quantum confinement effects of PSi with efficient visible
photoluminescence, nonlinear optical and electrical proper-
ties.1 In 1995, Canham confirmed that PSi is biodegradable.
The degradation product is the nontoxic orthosilicic acid [Si
(OH)4], a natural compound found in the human body.2,3

Consequently, and thereafter, PSi has been widely explored for
biomedical applications, such as bioimaging, drug carriers for
targeting delivery, and vaccine adjuvants for cancer immuno-
therapy.4−12

PSi nanoparticles for biomedical applications are usually
functionalized with targeting ligands, stimuli-responsive
moieties, and polyethylene glycol (PEG), to improve the
biodistribution at the target site, control the payload release,
and increase the stability, respectively.13,14 After the surface
modification, it is essential to quantify the modification
efficiency on the PSi’s surface, because the surface modification
density will influence the PSi behavior.15 However, it is
technically challenging to quantify the exact number of
functional groups on the PSi’s surface or the density of
conjugated molecules, requiring the detection of small
quantities of organic molecules on solid inorganic nano-
particles.

Currently, the common quantitative analysis methods
include elemental analysis, thermogravimetric analysis
(TGA), and colorimetric reactions. For example, Ferreira et
al. analyzed the amount of atrial natriuretic peptide conjugated
at the surface of PSi by elemental analysis.16 Because the
nitrogen and sulfur element is only present in the peptide
rather than in the PSi matrix, the conjugated peptide quantity
can be calculated accordingly. Kunc et al. quantitatively
analyzed the surface hydroxyl functional groups on silica
(SiO2) nanoparticles by TGA, but this method is suitable for
those with the large mass fraction of functional groups (e.g.,
polymers).17 Similarly, Sun et al. quantitated the polymetha-
crylate on the surface of solid silicon nitride nanoparticles by
TGA.18

Despite being successfully used in literature, the above
analysis methods exhibit different limitations. For example, the
test samples have to be dry for the TGA analysis. The initial
weight loss is subjected to sample fabrication and drying
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methods.17 In addition, the thermal condensation of hydroxyl
on the surface of PSi can interfere with the decomposition
peaks of organic compositions, complicating the quantitative
analysis, as previously reported in silica nanoparticles.19,20 As
for the elemental analysis, it is only applicable to functionaliza-
tion with specific additional elements, because the results
reflect the elemental compositions in the sample, instead of
specific functional moieties. For colorimetric reactions, there
must be chromogenic, fluorescent, or luminescent compounds
in the analysis samples. Although colorimetric assays are
relatively sensitive, the innate color, fluorescence, or

luminescence from PSi nanoparticles should be taken into
consideration in such assays, because it can influence the
quantitative results.21 In these cases, it will be difficult to
calculate the functionalization degree and how it will affect the
particle behavior in the biological system. Thus, it is desirable
to develop a highly sensitive complementary analysis method
without complicated processes for the quantitative analysis of
the surface modification of PSi.
Quantitative NMR (qNMR) has been widely used for the

determination of concentration and purity of small molecules
because of its high sensitivity, high reproducibility, and

Scheme 1. Schematic Diagram of the Functionalization Process of APSTCPSi and APSTCPSi-PEGylation, the Hydrolysis and
the Quantitative Analysis of Nanoparticles by Solution 1H NMR

Figure 1. Characteristics and the hydrolysis of APSTCPSi nanoparticles. (A) Hydrodynamic diameter, (B) zeta potential, (C) morphology of
APSTCPSi nanoparticles. After incubation in 0.1 M of NaOH for 0.5, 1, 3, and 6 h, (D) UV absorbance, and (E) derived count rate by dynamic
light scattering of the APSTCPSi nanoparticle hydrolysis products.
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robustness.22 Different from the solid-state (SS) NMR that
usually needs a large amount of dried powder sample and
results in broad peaks, the solution qNMR method exhibits
excellent spectral resolution.23 Recently, there have been a few
reports about using the solution qNMR for quantification of
SiO2 nanoparticles after fully dissolving the particles in alkaline
solution.24,25 After the dissolution of the silica matrix, the
functionalized molecules previously attached to the particle’s
surface have increased mobility, making them easily detectable.
This method is applicable to both solid and porous SiO2
nanoparticles with different surface functionalities, and the
results correlate well with conventional quantification methods
(TGA and colorimetric assays).24,26 Moreover, qNMR can
analyze multiple organic molecules at the same time, providing
the critical peaks are not overlapping in the spectrum.24

Inspired by these previous studies, we developed a
quantitative analysis method for the PSi’s surface chemistry
by solution 1H NMR (Scheme 1). We chose (3-aminopropyl)
triethoxysilane (APS) functionalized thermally carbonized PSi
nanoparticles (APSTCPSi), which have been widely used in
biomedical applications.27,28 The hydrodynamic diameter and
zeta-potential of the APSTCPSi nanoparticles were evaluated
by a Zetasizer Nano ZS (Figure 1A, B). The hydrodynamic
size was 224 ± 6 nm, and the polydispersity index (PDI) was
0.11 ± 0.01 indicating the homogeneous distribution of
APSTCPSi nanoparticles. The surface zeta-potential was +33
± 2 mV, indicating the successful surface modification of the
APSTCPSi nanoparticles PSi with amine groups. Moreover,
the morphology of the APSTCPSi nanoparticles was analyzed
by a transmission electron microscope (TEM, Figure 1C). The
porous structures showed the successful synthesis of
APSTCPSi nanoparticles, verified by the nitrogen sorption
results (Figure S1), including a specific surface area of 288 ± 1
m2/g, pore volume of 0.76 ± 0.05 cm3/g, and an average pore
diameter of 10.5 ± 0.6 nm.
To quantify the amine content, we first optimized the

hydrolysis condition for APSTCPSi, to release the surface
functional molecules for the detection. Without hydrolysis, the
poor hydration of the surface functional groups and the limited
mobility made it difficult to analyze by solution NMR directly
(Figure S2), similar to the previous report.24 Thus, we chose
an alkaline solution for the hydrolysis by incubating 0.5 mg of
APSTCPSi nanoparticles in 0.1 M of NaOH for different
durations (0.5, 1, 3, and 6 h) at 60 °C. The hydrolysis of the
nanoparticles was then evaluated by UV absorbance and DLS.
As shown in Figure 1D, the particle dispersion lost color

dramatically during the first hour of hydrolysis, indicating the
fast hydrolytic reaction. After 3 h, the dispersion became
almost colorless, suggesting the completion of the hydrolysis.
The absorbance of 0.1 M of NaOH was regarded as the
control. A similar trend was shown in the UV−vis absorbance
spectra. The absorbance gradually decreased with the increase
in hydrolysis time. From 3 to 6 h, the sample did not show a
clear decrease in the absorbance spectra or displayed any
observable change in the color.
We further monitored the count rate of the hydrolysis

samples by DLS (Figure 1E). Because the derived count rate is
proportional to cr6 (c is the particle concentration and r is the
particle size), it can be used to detect nanoparticle formation
or degradation.29,30 After 0.5 h of incubation, the count rate
dramatically decreased by almost 1 order of magnitude (from
47041 ± 702 to 5383 ± 43 kcps), revealing the decrease in
nanoparticle size or concentration due to degradation. After 1
and 3 h incubation time, the count rates were 4221 ± 34 and
2115 ± 252 kcps, respectively. From 3 to 6 h, the count rate
decreased slowly and no obvious nanoparticles trace was
observed by the DLS measurements, indicating the hydrolysis
of nanoparticles was completed. These results were consistent
with the UV-absorbance variation shown in Figure 1D. Thus,
this hydrolysis condition (0.1 M of NaOH, 3 h incubation, and
60 °C) was used for the following studies.
Before evaluating the surface amine groups by the solution

1H NMR, we identified the 1H NMR spectrum of pure APS
first, to understand the characteristic peaks and their chemical
shifts.25 As shown in Figure 2A, we observed the methylene
protons on the α-carbon next to the amine groups have
characteristic triplet peaks from 2.80 to 2.85 ppm (denoted as
peak a in the following discussions). Methylene protons on β-
and γ-carbons next to amine groups (peak b and c) showed
chemical shifts at 1.63 and 0.62 ppm, respectively. The protons
from the ethyl group (peak d and e) were observed at 3.66 and
1.09 ppm, respectively. The chemical shift and the peak
splitting correspond well with previous results reported in the
literature.31

Regarding the APSTCPSi nanoparticles, we hydrolyzed
them using the optimized condition and analyzed the spectrum
accordingly. As shown in Figure 2B, we found the character-
istic peaks of the methylene protons on the α-carbon showed a
complex pattern from 2.6 to 2.8 ppm (peak a). The slight
decrease in the chemical shift was probably due to alkaline
NMR solvent. In 0.1 M of NaOD, the amine group was mostly
unprotonated, because the solution pH was higher than its pKa,

Figure 2. Standard 1H NMR spectrum with peaks assigned for the inset molecules. 1H NMR spectrum of (A) the (3-aminopropyl) triethoxysilane
in D2O, and (B) APSTCPSi nanoparticles hydrolysis products in 0.1 M of NaOD/D2O. Red circle areas indicate the local magnification of the
spectra.
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whereas in D2O, the amine was protonated.32,33 Thus, the
methylene groups on the α-carbon may have slightly different
chemical environments, affecting the chemical shift. The
complex pattern (several triplet peaks) may result from
incomplete hydrolysis, or different protonation status of the
amine groups. We also increased the NaOD concentration to
0.4 M to see if the complex pattern would change with the pH
increase. However, we encountered difficulties in NMR probe
tuning due to the high ionic concentration. Regarding other
characteristic peaks (b−e in Figure 2B) on the degradation
products, they are in good agreement with the spectrum of
APS (Figure 2A). The incomplete alkoxysilane condensation
during the APS modification was confirmed by the presence of
the ethoxy groups (peak d and e). Except these identifiable
peaks, a sharp singlet peak (marked with * in Figure 2B) at
1.15 ppm indicates some unknown impurity in the particles.
These results suggest that it is possible to analyze the
APSTCPSi by solution qNMR after dissolution in 0.1 M of
NaOD.
After confirming the characteristic peaks of APSTCPSi

nanoparticles hydrolysis products, we further improved the
quantification results by 1H NMR parameter optimization. An
essential parameter for the 1H NMR is the relaxation delay,
during which an excited magnetic state returns to its
equilibrium distribution. In our experiments, we mainly
focused on the spin−lattice relaxation, also denoted as
longitudinal relaxation or T1, which affects the relative
integration between signals.34 For quantitative purposes, it is
necessary to set the relaxation delay at least 5 times the longest
T1 in the sample between scans to recover 99% of the
equilibrium magnetization (Mz).35 Therefore, we investigated
the relaxation time of the characteristic peaks of APSTCPSi
nanoparticles hydrolysis products. In this sample, we also
added potassium phthalate (0.5 mg/mL) as the internal
standard for quantification purposes. We set a series of
relaxation delay (0.01, 0.15, 0.55, 0.125, 2.20, 3.40, 5.00, 6.80,
8.80, 11.30, 13.80, 16.80, and 50.00 s) to determine the T1 for
all the peaks in the spectrum. As shown in Figure S3, the phase
of all the peaks gradually changed from negative to positive
with the increasing relaxation delay. By fitting the integral data
with the equation (y = B + F × exp(−xG), we obtained T1 for
all the peaks listed in Table 1. Peaks a−c showed relatively

short T1 (<2 s), whereas peak d and e had slightly longer T1.
The solvent peak exhibited the longest T1 (16.95 s). To
guarantee the sufficient recovery of the equilibrium magnet-
ization between each scan, we applied a 90 s relaxation delay
for the following tests to make sure the sufficient recovery of
the equilibrium magnetization.

Signal to noise-ratio (S/N) is another essential aspect of
NMR experiment as it defines the quality and extent of data
that can be obtained, which is extremely important for
spectroscopy with low concentration samples, such as surface
modification and biological macromolecules.36 The S/N can
be increased by increasing the number of scans, but at a cost of
extending the analysis time. Thus, we explored the relationship
between S/N and the number of scans to find a compromise
between spectrum quality and experiment length. Specifically,
we changed the number of scans from 16 to 256, and we chose
the peak a as the object for the S/N analysis.
As shown in Table 2, with 16 scans, the S/N is only 53.

Increasing the scan number from 16 to 64 scans led to a

significant increase in S/N to 136. However, a further increase
to 256 scans only increased S/N to 240. According to the
literature, S/N ≥ 20 leads to uncertainty below 5%.37 This
means even a 16 scan is enough if an estimation with 5%
uncertainty is acceptable. S/N ≥ 150 is necessary if the ≤1%
uncertainty is required.37 In this case, 128 or 256 scans should
be used. In our following studies, we chose 256 scans to
minimize the uncertainty. After the optimization of both the
hydrolysis condition and the 1H NMR parameter, we used the
optimized protocol to analyze the amine contents on
APSTCPSi. We assumed there was a positive correlation
between the amine groups on the surface of APSTCPSi
nanoparticles and the weight of nanoparticles, as the
APSTCPSi nanoparticles were fabricated by covalent con-
jugation of APS. To verify our hypothesis, we hydrolyzed
different amounts of APSTCPSi nanoparticles (0.5, 0.75, 1,
1.25, 1.5, and 2 mg) in 800 μL of 0.1 M of NaOD/D2O with
internal standard and analyzed the hydrolysis products by the
1H NMR. The 1H NMR spectra are demonstrated in Figure
3A. All these samples displayed similar peak areas of internal
standard (7.51 to 7.64 ppm, 4H from benzene ring of
potassium phthalate), as they all contained the same amount of
potassium phthalate. This phenomenon also indicates that the
interaction between the potassium phthalate and APSTCPSi
nanoparticles hydrolysis products was limited, which means
the potassium phthalate is a suitable internal standard for this
1H NMR analysis and quantitative analysis. Additionally, the
increasing peak area was observed in the peak a (2H from
methylene protons next to the amine groups), which is
attributed to the increasing amount of APSTCPSi nanoparticle
hydrolysis products. This result confirms the positive
correlation between the amines groups and the amount of
APSTCPSi nanoparticles. To further explore this correlation,
we normalized the integrated area by the internal standard
peaks. We then integrated the area of peak a and applied the
curve fitting between the integrated area and the amount of the
APSTCPSi nanoparticles. As shown in Figure 3B, the
correlation was linear with the R2 at 0.992 from 0.5 to 2 mg.
On the basis of this correlation, we calculated the amount of
−NH2 groups using eq 1 in the Supporting Information. We

Table 1. Curve Fitting Parameters and T1 for Internal
Standard, Characteristic Peaks, And Solvent Peaks for the
APSTCPSi Nanoparticle Degradation Product Spectra

peaks formulation parameters T1

internal standard B = 2.27 × 105, F = −4.38 × 105, G = 0.19 5.08
solvent B = 2.05 × 106 F = −3.81 × 106, G = 0.06 16.95
peak a B = ,2.38 × 103 F = −4.38 × 103, G = 0.61 1.63
peak b B = 2.21 × 103, F = −4.10 × 103, G = 0.63 1.57
peak c B = 1.43 × 105, F = −2.75 × 105, G = 0.92 1.08
peak d B = 1.01 × 105, F = −1.95 × 105, G = 0.15 6.51
peak e B = 3.26 × 103, F = −6.03 × 103, G = 0.16 6.11

Table 2. S/N of the Peak a with Different Scan Numbers for
1 mg of APSTCPSi Nanoparticles

no. of scans signal-to-noise ratio (S/N)

16 52.59
64 136.03
128 172.87
256 240.12
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found that 1 mg of APSTCPSi nanoparticles contains 0.294
μmol of amine groups. To verify our method, we also used
elemental analysis to quantitatively analyze the amine groups
on the surface of the APSTCPSi nanoparticles. On the basis of
the nitrogen element percentage in the particle (Table S1in the
Supporting Information), we calculated that 1 mg of
APSTCPSi nanoparticles contains 0.843 μmol of −NH2
groups (eq 2 in the Supporting Information). One possible
reason for this is the incomplete hydrolysis of APSTCPSi,
which underestimated the −NH2 amount. The thermal
carbonization process in the fabrication of APSTCPSi
significantly improved its stability, compared with the PSi
with only thermal oxidation treatment.32 Thus, the carbon-
ization layer and the stable Si−C bond probably made it

difficult to achieve complete degradation in 0.1 M of NaOD
even at elevated temperatures.
In addition to the amine groups quantification, we further

verified our method on APSTCPSi with other functional
groups. We chose PEG in this case, because PEGylation is
widely used for nanoparticle surface functionalization to
increase the stability in biological environments.38 Therefore,
we first modified the surface of APSTCPSi nanoparticles by
poly(ethylene glycol) methyl ether-N-hydroxysuccinimide
(mPEG-NHS, Mw = 5000 Da) (Figure 4A). Different molar
ratios between the amine groups of APSTCPSi and mPEG-
NHS (1:0.1, 1:0.5, 1:1, and 1:2) were used to fabricate the
APSTCPSi nanoparticles with different amounts of PEG on
the surface. Then these nanoparticles were hydrolyzed and

Figure 3. Correlation between amines groups and the amount of APSTCPSi nanoparticles. (A) 1H NMR spectra of APSTCPSi nanoparticles with
different mass (0.5, 0.75, 1, 1.25, 1.5, and 2 mg), and (B) the curve fitting between the integrated areas of peak a and the mass of the APSTCPSi
nanoparticles.

Figure 4. Correlation between amines groups and the mPEG-NHS. (A) Schematic diagram of chemical reactions between mPEG-NHS and
APSTCPSi nanoparticles and (B) 1H NMR spectra of PEGylated APSTCPSi nanoparticles at different molar ratios (amine groups of APSTCPSi:
mPEG-NHS = 1:0.1, 1:0.5, 1:1, and 1:2).
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analyzed by our method to explore whether our quantitative
method can still successfully analyze the PEGylation on the
surface of these nanoparticles.
As shown in Figure 4B, the increase in the peak area was

observed from 3.70 to 3.90 ppm (−OCH2CH2O− in the PEG
repeating units, denoted as peak f), when increasing the molar
ratio of mPEG-NHS in the surface modification reaction. To
further quantify this result, we integrated the peak area (3.70 to
3.90 ppm) of the PEG, after normalization by the internal
standard. As peak f was partially overlapping with peak d, the
integration (3.70 to 3.90 ppm) includes both peaks. To deduce
the area of peak d (−CH2 from the ethoxy group), we
integrated of peak e (−CH3 from the same ethoxy group), and
calculated by the eqs 3 and 4 in the Supporting Information.
As shown in Table 3, when the molar ratios between mPEG-

NHS and the amine groups of the nanoparticles increased from
0.1:1 to 2:1, the conjugated PEG increased from 0.010 to
0.025 μmol, whereas the percentage of PEG conjugated
decreased from 34.0 to 4.3%. Even at the highest feeding ratio,
because of the steric hindrances limiting accessibility to amine
groups deep in the smaller pores, only 8.5% amine reacted with
PEG. But in terms of the weight percentage, there was 12.5 wt
% PEG at the highest feeding ratio, which made a considerable
mass fraction in the final particle. These results suggest it is not
possible to consume all the surface amine groups even with
excessive mPEG-NHS, but the overall PEG coverage could be
increased if the PEG feeding ratio is increased. Such PEG
coverage data would be valuable for designing PEGylated PSi
for biomedical applications.
In summary, we propose here a new method for APSTCPSi

nanoparticles’ surface chemistry quantification by solution 1H
NMR. The nanoparticles were first degraded in the alkaline
solution, making the surface functional groups accessible for
NMR detection. After the optimization of the hydrolysis
conditions to ensure the degradation, we investigated the key
parameters involved in qNMR, including the relaxation delay
and the number of scans. The sufficient relaxation delay
guaranteed that all signals have relaxed fully between pulses,
and the optimized number of scans provided the reliable S/N
for the NMR spectra. With an internal standard, we verified the
positive correlation between amines groups and the amount of
APSTCPSi nanoparticles from 0.5 to 2 mg. Furthermore, we
applied this method to characterize the PEGylation of
APSTCPSi nanoparticles. When increasing the mPEG-NHS
feeding ratio, the conjugated PEG amount increased but the
reaction efficiency decreased. With easy sample preparation,
high sensitivity, and relatively low cost, the developed method

demonstrated here has great potential for PSi-based nano-
particle characterization, complementary to current available
quantification methods (TGA and colorimetric assays).
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Table 3. Impact of PEG Feeding Ratio on the Final
Conjugation, Calculated by qNMR

ratio (amine on
APSTCPSi:mPEG-

NHS)
NPEG

(μmol)a

NPEG/
N−NH2
(%)b

PEG reaction
efficiency (%)c

WPEG/
WAPSTCPSi
(%)d

1:0.1 0.010 3.4 34.0 5.0
1:0.5 0.015 5.1 10.2 7.5
1:1 0.018 6.1 6.1 9.0
1:2 0.025 8.5 4.3 12.5

aThe amount of PEG on the surface of 1 mg of APSTCPSi
nanoparticles. bThe percentage of −NH2 substituted by PEG. cThe
percentage of PEG reacted compared with the feeding PEG in the
reaction. dThe weight percentage of PEG on the conjugated
APSTCPSi nanoparticles.
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