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Abstract
Chemical modifications of nanoparticle (NP) surface are likely to regulate their activities, remove
their toxic effects, and enable them to perform desired functions. It is urgent to develop analytical
strategies for acquiring structural and quantitative information on small molecules linked to the
surface of NP. Recent progresses on characterizing nanoparticle’s surface chemistry using nuclear
magnetic resonance spectroscopy (NMR), Fourier transform infrared absorbance spectroscopy
(FTIR), liquid chromatography-mass spectroscopy (LC-MS), X-Ray photoelectron spectroscopy
(XPS), and combustion elemental analysis are reviewed.
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Large surface areas of nanomaterials control their biological activities. Early studies suggested
that cellular responses to nanomaterials modified by surface coating molecules reflect the
adsorbed molecular layer, rather than the material itself [1–3]. Chemical modifications of
nanoparticle (NP) surface are likely to regulate their activities, remove their toxic effects, and
enable them to perform desired functions [4]. Two recent reports used parallel chemical
modifications [5] of magnetic NPs and combinatorial chemical modifications [6] of multi-
walled carbon nanotubes (MWNTs) and showed that careful design and modification of surface
chemistry of NPs can control their biological activity and improve their biocompatibility.

Modified NPs need to be characterized rigorously regarding the integrity of the chemistry.
However, identification and quantification of small molecules linked to the surface of NPs are
very challenging due to the fact that they are solid-phase samples and they are coated with only
a small amount of small molecules. This has become a roadblock limiting our ability to do
chemical modifications of nanomaterials. For this technical difficulty, many previous
publications did not thoroughly characterize modified NPs before doing biological testing. On
the other hand, biological experiments require precise quantity/ concentration information to
obtain dose-response relationship. The lack of accurate concentration information makes the
biological studies qualitative at best.

Recently, efforts have been made to fill this gap. In this review, we focus on recent development
of multiple analytical techniques, such as nuclear magnetic resonance spectroscopy (NMR),
Fourier transform infrared absorbance spectroscopy (FTIR), liquid chromatography-mass
spectroscopy (LC-MS), X-Ray photoelectron spectroscopy (XPS), and combustion elemental
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analysis and explain how these techniques help identify and quantify molecules attached to
NP’s surface. The continued efforts in this field will pave the way to make the wider biomedical
application of nanomaterials possible.

1. Nuclear Magnetic Resonance Spectroscopy (NMR)
1.1 Solution 1H NMR of nanomaterials attached molecules

NMR has been used as a gold standard for structural characterization of organic molecules.
For NPs with good solubility, it is possible to study the surface-bound molecules directly using
solution 1H NMR technique. Studies of thiophenol-coated cadmium sulfide (CdS) QDs [7–
11], 2-carboxyethanephosphonic acid coated SnO2 NPs [12] and oleic acid coated iron-oxide
NPs [13] have been reported. However, the power of solution NMR is often negated by
nanomaterials’ low solubility and inhomogeneity. When attached to a solid particle, the
individual molecules cannot tumble rapidly to average the signal to give sharp NMR signals
as in solution [14–23]. Such a phenomenon was well illustrated in Figure 1, in which the
solution 1H NMR signals of molecule bound to single-walled carbon nanotubes (SWNTs) were
broad [17], and not all protons’ signals were detected (Figure 1 bottom) compared with NMR
signals of molecule alone in solution (Figure 1 top).

Coupling molecules to NPs through a long, flexible, solvable linker can enhance NPs’ solubility
and thus can generally improve their NMR spectra. However, in reality, building such
structures into the desired molecules is a synthetic challenge. Therefore, we found that routine
NMR spectroscopy can monitor reaction and the product formation, but is not an ideal method
for full structure elucidation of organic molecules on the surface of NPs [24].

1. 2 Indirect quantitative assessment of surface-bound ligands on Au NP by 1H NMR
Although solution 1H NMR spectroscopy of the Au NPs could be used to follow the extent of
reaction on their monolayers, quantification of ligand exchange can be difficult due to the NMR
peaks’ significant broadening by attachment to particle surfaces [25]. An alternative strategy
is to cleave the alkanethiols from the Au NPs by oxidation with iodine and to subsequently
analyze the relative quantities of the solution phase ligands using 1H NMR spectroscopy
[26]. Comparison of the peak integrations from the NMR spectra as a function of reaction
enables an estimation of the percentages of surface-bound ligands per Au NP. Assuming that
(a) no ligands are destroyed through side reactions and (b) all ligands are completely cleaved
from the surface upon reaction with I2, the intensities of the peaks in the NMR spectra are
proportional to their relative concentrations on the Au NPs’ surfaces [27]. This indirect
assessment of cleaved products by 1H NMR can be not only used to obtain purity and structure
information of surface-bound ligands on Au NP, but also can be used to monitor conversions
during multi-step modifications. The drawbacks of this method are that it is time consuming
and destructive [28,29].

1.3 Magic-angle spinning (MAS) NMR spectroscopy
MAS NMR spectroscopy is reported to characterize the structural and dynamic properties of
NPs, whereas 13C NMRspectroscopy gives information about the alkyl chain conformation
and mobility, and 31P NMR spectroscopy is a sensitive probe of the local environment of
phosphorus-containing functional groups. 13C and 31P NMR has been used to study the
attached small molecules on gold clusters [27,30–34], carbon nanotubes (CNTs) [35,36], and
quantum dots [37]. Gold NPs capped with 11-mercaptoundecanylphosphonic acid (MUP) were
synthesized and characterized by MAS NMR spectroscopy [33]. The solution 1H NMR
spectrum of the gold colloids showed no signal. At pH 10, where the phosphonate groups are
expected to be deprotonated, the chain mobility is sufficiently restricted to completely broaden
the NMR resonances. A similar phenomenon was observed for carboxylic acid- and hydroxyl-
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functionalized gold NPs [32,33]. The 13C CP/MAS NMR spectrum of MUP adsorbed on gold
NPs is shown in Figure 2c along with the solution (Figure 2a) and the MAS (Figure 2b) 13C
NMR spectra of the unbound MUP. Small peaks can also be shadowed by the adjacent large
peaks. These drawbacks prevent a full structural characterization.

Proton high-resolution magic-angle spinning 1H (HRMAS) NMR technique, successfully used
in late 1990s for applications in combinatorial chemistry [38–45], has evolved to be a method
to characterize samples with limited amount or semisolid biological samples such as whole
cells and tissues [46–49]. By spinning the sample at the magic angle (54.7° relative to the
direction of main magnetic field), line broading contributions from magnetic susceptibility and
chemical shift anisotropy to the NMR spectra are significantly reduced [50]. An efficient
method was developed to make carbohydrate- and protein-coated MNPs via a surface diazo
transfer/azide-alkyne click chemistry. Well-resolved 1H NMR signals at 8.0 ppm for all
modified MNPs confirmed the presence of triazole protons [51].

A multi-walled carbon nanotubes (MWNTs)-combinatorial library was synthesized. 1H
HRMAS NMR was used for structural confirmation [6]. Different MWNTs sharing the same
benzenesulfonyl group had similar aromatic proton signals at 7.29–7.94 ppm. MWNTs sharing
the same 3-nitro-benzenesulfonyl group had NMR peaks at 7.64–7.81 ppm due to the reduced
electron density by nitro group substitution.

13C, 29Si, and 31P MAS NMR were also reported to show distinct resonances for siloxane and
other organic moieties on silica [52,53] and gold NPs [54–57]. However, these reports were
mainly about identification of special functional groups, instead of full structural elucidation.
The 1H MAS NMR spectra of GNPs using 40 µL nanoprobe with water suppression can provide
nearly solution-like quality. By effectively optimizing 1H high resolution MAS NMR
conditions and applying one- and two-dimensional techniques (1-D and 2-D NMR), ligand
structures on surfaces of gold NPs (GNPs) were fully characterized [58]. Significant
differences were also found in detection sensitivity depending on the distance between the
surface of GNP and protons in the ligand molecule, with the loss of sensitivity for protons
closer to the NPs consistent with other report [59]. Figure 3 shows the 1H NMR spectra for the
free ligands (spectra a, d, g, j), 1H NMR spectra of GNPs (b, e, h, k), and 1H HRMAS NMR
spectra of GNPs 1–4 (c, f, i, l) [58].

2-D HRMAS NMR was also performed to elucidate ligands structures on these GNPs’ surface.
Correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY) and heteronuclear
single quantum coherence (HSQC) spectra for GNP 3 were shown in Figure 4. Molecules
attached on GNP 3 can be elucidated on the basis of COSY, TOCSY, HSQC and 1-D NMR
data [58]. These results demonstrated that 1H HRMAS NMR is an irreplaceable method for a
full characterization of molecules bound to NP’s surface.

Furthermore, the investigation showed that NMR spectra of aromatic protons in ligands
attached to GNP seem to have a broad base compared with aliphatic ligands, indicating the π-
π stacking effects.

2. Fourier Transform Infrared Absorbance Spectroscopy (FTIR)
FTIR has been used to identify functional groups on molecules that are attached to NPs [6,
60–62]. Au-MCH (MCH = 6-mercapto-1-hexanol, HS-(CH2)6-OH) nanoclusters were
synthesized [63]. The OH terminal group of the MCH ligand has been directly functionalized
through chemical reactions to generate products such as ester or carbamate, as monitered by
FTIR spectroscopy. The FTIR spectrum of solid Au-MCH in Figure 5A shows similarity to
that obtained for the pure MCH molecule except that the SH vibrational band at 2550 cm−1

has disappeared after binding to Au surface. The FTIR spectrum of the Au NPs after

Zhang and Yan Page 3

Anal Bioanal Chem. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



esterification with CF3COOH (Figure 5B) contains a new intense vibrational band at 1787
cm−1. This is assigned to the CO stretch of the -COO ester group. Peak at 2106 cm−1 (Figure
5C) belongs to the characteristic peak of N=C=S stretch (at 2143 cm−1 for pure NCO-C6H4-
NCS solid).

In another report [27], the surface of Au NPs was modified with triazole cycloaddition through
“click” chemistry. Azide-functionalized Au NPs were reacted with a series of alkynyl
molecules. Au particle samples were first synthesized through standard procedures, the methyl-
terminated chains partially exchanged with ω-bromo-functionalized thiol, and the Br termini
converted to azides by reaction with NaN3 (Scheme 1). The FTIR spectrum of the alkanethiol
stabilized particles (Figure 6, solid line) is relatively featureless and contains characteristic
alkyl stretching vibrations between 2800 and 3000 cm−1, and indicate that the alkyl chains are
well-ordered. In comparison, the FTIR spectrum of the Au NPs that have reacted with NaN3
(Figure 6, dashed line) contains a strong, new vibrational band at 2094 cm−1 that is attributed
to the cumulated double bonds of the terminal azide moiety. The characteristic alkyl stretching
vibrations are not significantly affected (versus the methyl-terminated particles), suggesting
that ligand exchange and N3 substitution do not perturb the structure of the monolayer.

Cycloaddition reactions can also be utilized to prepare multifunctional Au NPs by
simultaneously stirring the N3-terminated NPs with several acetylenic small molecules. To
demonstrate this, N3-containing Au NPs was reacted with a solution containing both the
ferrocene (Fc) and the nitrobenzene (NB) propyn-1-one species. The FTIR spectrum of the
resultant particles (Figure 7) contains vibrations between 1500 and 1700 cm−1 due to C=O and
triazole ring stretching modes. Although it is complex, the spectrum indicates the existence of
a multifunctional Au NP containing both Fc and NB species linked through triazole ring
formation.

Utilizing a nano-combinatorial library strategy, we [6] have constructed a novel surface-
modified MWNTs library containing 80 members (Scheme 2), and aimed to discover novel f-
MWNTs with reduced protein binding, cytotoxicity, and immune responses through multiple
biological screenings. Surface chemistry structures of all the members from the library were
characterized by FTIR. Figure 8 is FTIR spectra of f-MWNTs 5,6,7,8, and 9. When pristine
MWNT was oxidized, an IR band at 1713 cm−1 appeared indicating the formation of carboxylic
acid groups. MWNT 6 reacted with Fmoc-tyrosine and the IR bands of phenol ester carbonyl
and carboxylic acid of tyrosine overlapped at ~ 1710 cm−1. The amidation of 7 produced 8,
which was characterized by disappearance of an acid carbonyl band at 1710 and the formation
of bands at 2843 and 2924 cm−1. Final product synthesis induced further IR changes. In the
case of f-MWNT 9, an ester carbonyl band at 1787 cm−1 emerged due to an ester group on its
building blocks.

3. Mass Spectroscopy (MS)
A MS approach was reported to chracterize ZnO NPs modified with Acrylic acid (AA) by
plasma polymerization [64]. Figure 9a shows the positive and negative time of flight secondary
ion mass spectroscopy (TOFSIMS) of coated ZnO NPs. The spectra in the positive ion mode
show strong peaks related to molecular fragments such as C4H7

+, C4H9
+, C6H13O4,

C7H9COH+, and C7H9COOH+. The spectra in the negative ion mode show the existence of
the AA (acrylic acid) monomer, AA dimer, AA dimmer + C2H4 and AA dimmer + C3H6.

Functionalized CNTs have been used as the MALDI matrix [65–68] for the study of small
molecules and macromolecules. CNTs was derivatized with iminodiacetic acid (IDA), which
could chelate Cu2+ [69]. These Cu2+ loaded CNTs was used as biomarkers for the selective
binding of biomolecules from a complex sample such as serum. Peptides and proteins, bound
to the surface of the derivatized CNTs, were then directly analyzed by matrix assisted laser
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desorption ionisation/time of flight mass spectrometry (MALDI/TOFMS). The protein mass
fingerprinting are the characteristic for every serum sample that may be utilized as disease
markers.

Mass spectroscopy could also be used to monitor the synthesis of gold NPs (GNPs). GNPs
with diameter of 5–6 nm was synthesized through the reduction reaction using sodium
borohydride (SBH) in the presence of mono-6-deoxy-6-pyridinium-β-cyclodextrin chloride
(p-βCD) [70]. A reaction intermediate was detected during the reaction process by MS. After
1 min, the p-βCD was already converted to its reduced form, as confirmed by the presence of
protonated ion at m/z 1201 and its corresponding sodium adduct at m/z 1223 (Figure 10). As
the reaction proceeded, the relative intensities of ions at m/z 1201 vs 1197 decreased. After 90
min, the ion at m/z 1201 almost disappeared. Such data confirmed that the oxidized p-βCD
was reduced by SBH as an intermediate (m/z 1201), which was slowly reoxidized to its original
form.

We have used thioctic acid and its derivatives for chemical modification of GNPs. When the
GNPs are oxidized in the presence of I2, the free ligand can be cleaved from the surface of
GNPs. The loading of multiple ligands can be quantified by LC/MS/UV/CLND to analyze the
ratio of ligands in multiple functionalized GNPs (manuscript submitted).

4. X-Ray Photoelectron Spectroscopy (XPS)
XPS can provide information on elemental composition [71,72]. In an early study [73], XPS
was used to elucidate the chemical species of acid-oxidized MWNTs. C1s XPS spectra
indicated that peaks with higher binding energies located at 286.2, 287.5, and 288.9 eV are
assigned to carbon atoms bound to one, two, and three oxygen atoms, respectively. Hence, they
can be assigned as >CH-O- (e.g., alcohol, ether), >C=O (ketone, aldehyde), and -COO-
(carboxylic acid, ester) species, respectively.

SWNT was functionalized by the addition of (R-)-oxycarbonyl nitrenes which allows for the
covalent binding of a variety of different groups such as alkyl chains, aromatic groups,
dendrimers, crown ethers, and oligoethylene glycol units [74]. XPS was used to determine the
elemental composition of the functionalized SWNT. From the comparison between the spectra
of the SWNT starting material and reaction products, characteristic conversions can be
confirmed. A detailed analysis of various reaction products was made through the spectrum of
C1s and O1s (Figure 11), and the amount of nitrogen and carbon in the sample.

In another report [75], interaction between surface-bound alkylamines and gold NPs were
studied using XPS. From the presence of two chemically distinct Cl 2p components it was
concluded that both AuCl4− and AuCl2− ions existed on the surface of gold NPs. Results lead
to a conclusion that two modes of binding between alkylamines and the gold surface was
confirmed. The loosely bound component is attributed to the formation of an electrostatic
complex between protonated amine molecules and surface-bound AuCl4−/AuCl2− ions, while
species with stronger binding was tentatively assigned to [AuCl(NH2R)].

5. Combustion Elemental Analysis
Combustion elemental analysis has been used in the quantitative analysis of chemical
modification of NPs [6,35,58,76,77]. By analyzing the percentage of C, N, S and H elements
in modified and unmodified NPs, one can get the quantitative information on the surface
composition of NPs.

Surface modification of silica-coated magnetite NPs with (aminopropyl) triethoxysilane
(APTS) was analyzed by elemental analysis to optimize the reaction conditions such as solvent,
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reaction temperature and reaction time [76]. The effect of reaction variables on the final product
was quantified in terms of C, H and N elemental analysis of the loaded molecules. Relative
high percentage of C, H and N content was found if the reaction was performed in THF
indicating that more APTS molecules were bound to the NP’s surface. An IR band at 790
cm−1 corresponding to NH2 bending modes of the APTS molecule also confirmed such
reactions.

A method for the modification of amine groups onto the surface of magnetite and silica-coated
magnetite NPs was developed based on the condensation of aminopropyltriethoxysilane [77].
From the elemental analysis results, the organic content of the starting material is very low.
After modification, a higher percentage of N was detected in all NPs. The amine density
determined by this method lies between 42 to 78 µmol g−1 depending on the conditions used
for the synthesis.

We have designed and synthesized a functionalized MWNTs library using carboxylated
MWNT as starting material. We have used several analytical methods to characterize the
starting material and the f-MWNT library. By derivatizing carboxylic acid group into amide
and performing elemental analysis, we determined that the loading of carboxyl group is 0.45
mmol g−1 [6].

6. Concluding Remarks
Analytical strategies for identification and quantification of NP’s surface chemistry are crucial
for modulating NP’s biological activities and toxicity. NMR and FTIR play important roles in
the structure confirmation of functional group bound to NPs. Although Solution NMR, MAS
NMR and HR MAS NMR can be used to identify structural components of different
functionalized NPs, 1-D and 2-D HRMAS NMR measurements are irreplaceable methods for
structure elucidation of NP’s surface-bound molecules. Furthermore, NMR and FTIR
techniques can be also used to monitor the reaction conversions for the multi-step
modifications. XPS and elemental analysis are techniques for determining the chemical
compositions of molecules bound to NPs. LC/MS analysis after ligand cleavage is the only
method for qualitative and quantitative analysis of multiple functionalized NPs, when a
quantitative detector such as CLND is used.

It is highly promising that NPs may have more and more applications in therapy, medicine
delivery, and diagnosis. The unusual large surface area of NPs suggests that surface chemical
modification would play a critical role in modulating their toxicity and biological specificity
both in vitro and in vivo. It is not surprising to witness more focused and diverse chemical
modifications of nanomaterial surface in future research. However, reliable characterization
on the identity and quantity of surface attached molecules for different nanomaterials remain
a bottleneck. Although significant progresses have been made on analytical strategies for
nanomaterials surface chemistry, identifying the attached molecules and quantifying their
loading still require our continued dedication and efforts.
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Figure 1.
1H NMR spectra of the compound shown (top) and its SWNT-bound analog (bottom) in
CDCl3. (Reprinted with permission from [17], © 2002 American Chemical Society)
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Figure 2.
13C CP-NMR spectra of MUP (a) in methanol-d4, (b) in the solid state, and (c) on colloidal
gold in the solid state. (Reprinted with permission from [34], © 2007 American Chemical
Society)
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Figure 3.
1H NMR spectra of free ligands 1–4 and GNP-1-4 in DMSO-d6. In each group, the top spectra
(a, d, g, j) are the solution 1H NMR spectra of free ligands (structures shown), the middle ones
(b, e, h, k) are solution 1H NMR spectra of corresponding GNPs and the bottom ones (c, f, i,
l) are 1H HRMAS NMR spectra. (Reprinted with permission from [58], © 2008 American
Chemical Society)
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Figure 4.
HRMAS COSY (a), TOCSY (b), and HSQC (c) of GNP 3. 13C NMR spectrum shown
vertically is from the free ligand because the 13C HRMAS NMR spectra of GNPs were not
able to obtain using nanoprobe (an inverse probe). Peaks inside the circled areas and those
adjacent peaks in parallel to the diagonal line in panel a (upper left and lower right corners)
are artifacts from spinning side bands. (Reprinted with permission from [58], © 2008 American
Chemical Society)
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Figure 5.
Solid-state FTIR spectra of (A) Au-MCH nanoclusters and Au nanoclusters after derivatization
with (B) CF3COOH and (C) SCN-C6H4-NCO. (Reprinted with permission from [63], © 2006
American Chemical Society)
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Figure 6.
FTIR spectra of the as-synthesized C10H21SH-modified Au particle (solid line) compared to
azide-functionalized Au nanoparticles (dashed line). (Reprinted with permission from [27], ©
2006 American Chemical Society)
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Figure 7.
FTIR spectra of Au nanoparticles following reaction with both Fc and NB alkynyl derivatives.
(Reprinted with permission from [27], © 2006 American Chemical Society)
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Figure 8.
is FTIR spectra of f-MWNTs 5, 6, 7, 8, and 9. (Reprinted with permission from [6], © 2008
American Chemical Society)
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Figure 9.
TOFSIMS spectra of ZnO NPs coated with Acrylic acid (AA). (a) Positive image, (b) Negative
image. (Reprinted with permission from [64], © 2004 Advanced Study Center Co., Ltd.)
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Figure 10.
Mass spectrum of p-βCD-SBH-HAuCl4 reaction with time (1–90 min). (Reprinted with
permission from [70], © 2008 American Chemical Society)
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Figure 11.
XPS survey spectrum of 5k (structure see below). Composition: 69.1% C, 1.4% Si, 0.7% Cl,
4.4% N, 23% O, 1.4% Cu. (Reprinted with permission from [74], © 2003 American Chemical
Society)
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Scheme 1.
“Click” functionalization of Au NP surfaces.
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Scheme 2.
Structures of prinstine and four surface-modified MWNTs used in Figure 7.
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