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Abstract: Successful strategies for the attachment of oligopeptides to mesoporous silica with pores
large enough to load biomolecules should utilize the high surface area of pores to provide an ac-
cessible, protective environment. A two-step oligopeptide functionalization strategy is examined
here using diazirine-based heterobifunctional linkers. Mesoporous silica nanoparticles (MSNPs)
with average pore diameter of ~8 nm and surface area of ~730 m2/g were synthesized and amine-
functionalized. Tetrapeptides Gly-Gly-Gly-Gly (GGGG) and Arg-Ser-Ser-Val (RSSV), and a pep-
tide comprised of four copies of RSSV (4RSSV), were covalently attached via their N-terminus to
the amine groups on the particle surface by a heterobifunctional linker, sulfo-succinimidyl 6-(4,4′-
azipentanamido)hexanoate (sulfo-NHS-LC-diazirine, or SNLD). SNLD consists of an amine-reactive
NHS ester group and UV-activable diazirine group, providing precise control over the sequence of
attachment steps. Attachment efficiency of RSSV was measured using fluorescein isothiocyanate
(FITC)-tagged RSSV (RSSV-FITC). TGA analysis shows similar efficiency (0.29, 0.31 and 0.26 mol
peptide/mol amine, respectively) for 4G, RSSV and 4RSSV, suggesting a generalizable method of
peptide conjugation. The technique developed here for the conjugation of peptides to MSNPs pro-
vides for their attachment in pores and can be translated to selective peptide-based separation and
concentration of therapeutics from aqueous process and waste streams.

Keywords: mesoporous silica; nanoparticle; conjugation; oligopeptide; heterobifunctional linker;
diazirine

1. Introduction

Synthetic organic functional groups that can mimic the biological specificity of host–
guest interactions have been used for analysis, sensing and isolation of different biomolecules,
especially in affinity column chromatography [1–4]. Recent progress in supramolecular
chemistry has resulted in tailor-made organic functionalities with high selectivity and
specificity toward an array of biomolecules and therapeutic ligands, which can be used for
their selective separation [5,6]. Synthetic peptides, in particular, have tremendous molecu-
lar recognition and selective binding capabilities and a large volume of peptide libraries
with different binding properties has been developed during the last two decades [7–9].
Oligopeptide mimics of biological binding sites (of longer proteins) on solid supports are
durable, reusable and cost-effective media for affinity separations [7].
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Mesoporous silica materials are an ideal support for high affinity functional groups
due to their high surface area, tunable pore size and ease of surface modification [10–12].
Use of mesoporous silica functionalized with affinity binding sites is widespread in chro-
matography [13,14].The most common biomolecule linking strategy is to functionalize
the silica surface with amine groups and then to covalently link the amine moieties with
the N-terminus of peptide/protein molecules. Bifunctional linkers [15–17] for amine–
amine conjugation can be mainly divided into two types: homo-bifunctional and hetero-
bifunctional. Homo-bifunctional linkers such as bis(sulfosuccinimidyl)suberate (BS3) have
amine-reactive NHS ester groups at both ends. While developed to crosslink two proteins
or peptides in solution, they can hypothetically react with amine-functionalized particles at
one end and with the amine terminal group of a peptide at the other to covalently attach
the peptide to the surface [15,18,19]. During peptide conjugation to amine-functionalized
porous particles, competitive rapid hydrolysis of the ester groups of homo-bifunctional
linkers poses a significant problem during attachment, and proteins may be physically ad-
sorbed rather than attaching covalently [20–22]. Controlling the rate of reaction of the linker
with both the peptide and the surface is also challenging. Because of this, homo-bifunctional
linkers lack specificity and precise control of attachment orientation.

A hetero-bifunctional linker containing an amine-reactive end and a UV-activable
end overcomes the limitations of homo-bifunctional linkers for peptide conjugation. The
activation of the UV active group by a light source provides precise control over the
attachment mechanism and location. One of the most common hetero-bifunctional linkers
for peptide/protein conjugation is the phenyl azide-based sulfosuccinimidyl 6-(4-azido-
2-nitrophenyl-amino) hexanoate (sulfo-SANPAH) [20,23,24]. The UV-activable end of
sulfo-SANPAH is activated at a wavelength < 320 nm (as low as 260 nm) [15,25], which can
cause denaturation of proteins. In addition, the large size of the aromatic photoactive group
in sulfo-SANPAH can create steric hindrance [26]. On the other hand, the diazirine group
is activated at higher wavelength (340–370 nm) and, thus, does not cause denaturation of
proteins and peptides. As a result, diazirine has been used extensively as a photo-labeling
agent for proteins [25,27,28]. Diazirine-based photoreactive linkers have better stability
compared to commonly used aromatic azide photo-linkers [29,30]. The linkers can also
be designed to provide optimal peptide orientation for ligand attachment from the bound
surface using spacers. For example, succinimidyl 6-(4,4′-azipentanamido) hexanoate (NHS-
LC-diazirine) provides a sufficient spacing arm for the biomolecule to avoid effects of
surface interactions on its properties [31]. The NHS-LC-diazirine linker has been shown to
be stable under ambient lighting conditions [31,32]. The derivative sulfo-NHS-LC-diazirine
(SNLD) contains a charged sulfate group that enhances its aqueous solubility and as a
result can be used in physiological media [33].

Covalently linking peptides on the inner surface of the pores of mesoporous silica
nanoparticles using hetero-bifunctional linkers has the potential to utilize their high pore
volumes, but has limited applicability to mesoporous silica with insufficient pore size
(<4 nm) synthesized by traditional templating methods [34,35]. Large pores are required
for peptides and linkers to infiltrate the interior surface without pore blockage, as discussed
in recent reviews of protein loading in mesoporous silica-based materials [36,37]. Having
pores slightly larger than proteins has been shown to allow them to fully access the large
pore volume of MSNPs while providing protection from factors such as temperature,
solvent, pH and proteolytic hydrolysis [38–40]. Immobilizing peptides and proteins inside
of mesoporous silica allows their use in diverse applications including therapeutic drug
delivery, enzymatic catalysis in harsh environments and for affinity separations [41–43].
The hydrodynamic radius of proteins and polypeptides varies considerably depending on
folding, but typical sizes are less than 8 nm for denatured proteins with up to 160 residues in
their sequence, and considerably more residues for proteins in their native, folded state [44].
Surfactant templating with cationic surfactants such as alkyltrimethylammonium salts
typically produces pore sizes of ~3 nm in diameter [45–47]. Only recently has surfactant
templated synthesis of MSNPs with <170 nm particle diameter and pore sizes of 4.5 nm
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to 8 nm been reported by using pore expanding agents [48,49]. These particles facilitate
the conjugation of long peptide sequences and proteins along with sufficient spacer arms
to prevent strong surface effects. A study of peptide conjugation to the inner surface of
silica microbubbles (cavity size: 0.55–0.65 mm) using NHS-diazirine has been reported [50].
However, the pore size of a microbubble is thousands of times larger than MSNPs, so there
is a need to investigate the use of NHS-diazirine linkers in pores comparable in size to
peptides and proteins. Based on previous studies [20,50,51], we hypothesize that effective
attachment strategies for oligopeptides within expanded mesopores (>4 nm diameter) can
be developed using NHS-diazirine linkers to the peptide N-terminus.

This work examines strategies to conjugate functional oligopeptides to large-pore
amine-functionalized MSNPs (~8 nm diameter pores) using the diazirine-based hetero-
bifunctional linker sulfo-NHS-LC-diazirine (SNLD) with a spacer of 1.25 nm (SNLD ex-
tended length [52]). The model system of four-amino-acid peptide RSSV (Arg-Ser-Ser-Val)
was selected for this application from a combinatorial peptide library based on its ability
to bind β-estradiol (equilibrium constant, K = 6 × 104 M−1) via column chromatography
with good selectivity versus other steroids [53]. Conjugation of the peptide 4RSSV (Arg-
Ser-Ser-Val-Arg-Ser-Ser-Val-Arg-Ser-Ser-Val-Arg-Ser-Ser-Val), a four-repeat peptide of the
original RSSV 4-mer, and 4G (Gly-Gly-Gly-Gly) to the nanoparticles is investigated to test
the versatility of the conjugation strategy for peptides of varying length and amino acid
sequence. Two conjugation strategies are proposed based on the sequence of attaching
the linker to the particle or peptide (Figure 1). For Type-1 attachment, the linker is first
attached to the surface amine group using the NHS-ester and then the peptide amine
group is attached to the linker using UV activation of diazirine. For Type-2 attachment,
the linker is first attached to the peptide using the NHS-ester followed by attachment to
the surface using UV activation. The anticipated advantage of Type-1 attachment is that
unbound linkers can be removed by washing after the first step and before attachment
to peptides. However, activated diazirine is indiscriminate toward N-H or O-H moieties
and can result in attachment to either terminus of the peptide. Activation of the diazirine
group under UV light has also been shown to bind the carboxyl moieties of proteins to
some degree [54]. Another potential problem with Type-1 attachment in a porous system is
the possible attachment of the diazirine moiety with another amine group inside the pores.
Specific attachment of the peptide N-terminus to the linker during the first step is the main
advantage of Type-2 attachment. In addition, the peptide-attached linker can diffuse into
the pore prior to the photoactivated conjugation to the surface, promoting reactions within
the pores and not just at the surface. Attachment of diazirine to O-H moieties of particles
provide no disadvantages (in fact, it is probably advantageous in keeping some of amine
groups unattached and positively charged) compared to Type-1 attachment. However,
during the second step of Type-2 attachment, the activated diazirine of the peptide-attached
linker can react with the C-terminus of another peptide. These solution-based complexes
would be removed during washing but would result in inefficient use of peptide and
linker. Considering these pros and cons, the attachment efficiency is examined for both of
these methods using fluorescence spectroscopy of fluorescein isothiocyanate (FITC)-labeled
peptide and thermogravimetric (TGA) analysis.
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group. 
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thylammonium bromide (CTAB, 99.8%) was purchased from MP Biomedicals (Solon, OH, 
USA); NaOH pellets (≥97%) from EMD Millipore; acetone (≥99.5%) from BDH analytical; 
1,3,5-triisopropylbenzene (TIPB, >95%), triethanolamine (TEA, >98%) and fluorescamine 
from Alfa-Aesar (Tewksbury, MA, USA); and ultrapure deionized ultra-filtrated (DIUF) 
water, ethanol (200 proof) and 12 N HCl (ACS grade) from Fisher Scientific (Pittsburgh, 
PA, USA). Heterobifunctional linker sulfo-NHS-LC-diazirine (SNLD, PierceTM) was pur-
chased from Thermo Fisher Scientific (Pittsburgh, PA, USA) and used for peptide conju-
gation. 

Oligopeptide synthesis. Peptide 4G (GGGG) was obtained from Sigma-Aldrich (St. 
Louis, MO, USA); RSSV and 4RSSV were synthesized by Genscript (Piscataway, NJ, USA); 
and RSSV-FITC was synthesized by Lifetein (Hillsborough, NJ, USA) using solid-phase 
peptide synthesis and purified to >95% yield using reverse phase high-pressure liquid 
chromatography (RP-HPLC). RSSV-FITC was designed (sequence Arg-Ser-Lys(FITC)-
Val) by replacing the serine at position 3 with a lysine to incorporate the fluorescein isothi-
ocyanate (FITC) fluorescent label while maintaining the peptide arginine positive charge 
for peptide function and the single free amine (N-terminus) for attachment. All peptide 
sequences were confirmed to be of the correct molecular mass by LC-MSMS analysis fol-
lowing purification. Lyophilized peptide was resuspended in PBS buffer (pH 7.4) to a final 

Figure 1. Schematic diagram of the peptide attachment strategies using hetero-bifunctional cross-
linker Sulfo-NHS-LC-Diazirine (SNLD): (a) Type-1 attachment of the linker to the particle amine
group first using the NHS group and then attaching to the peptide amine group using the UV-reactive
diazirine group and (b) Type-2 attachment of the linker to the peptide amine group first using the
NHS group and then attaching to the particle amine group using the UV-reactive diazirine group.

2. Materials and Methods
2.1. Chemicals and Reagents

Tetrapropyl orthosilicate (TPOS, 95%), phosphate-buffered saline (PBS) tablets, (3-
aminopropyl)triethoxysilane (APTES, 99%) and N,N-dimethylformamide (DMF, molecular
biology grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cetyltrimethy-
lammonium bromide (CTAB, 99.8%) was purchased from MP Biomedicals (Solon, OH,
USA); NaOH pellets (≥97%) from EMD Millipore; acetone (≥99.5%) from BDH analytical;
1,3,5-triisopropylbenzene (TIPB, >95%), triethanolamine (TEA, >98%) and fluorescamine
from Alfa-Aesar (Tewksbury, MA, USA); and ultrapure deionized ultra-filtrated (DIUF)
water, ethanol (200 proof) and 12 N HCl (ACS grade) from Fisher Scientific (Pittsburgh, PA,
USA). Heterobifunctional linker sulfo-NHS-LC-diazirine (SNLD, PierceTM) was purchased
from Thermo Fisher Scientific (Pittsburgh, PA, USA) and used for peptide conjugation.

Oligopeptide synthesis. Peptide 4G (GGGG) was obtained from Sigma-Aldrich (St. Louis,
MO, USA); RSSV and 4RSSV were synthesized by Genscript (Piscataway, NJ, USA); and
RSSV-FITC was synthesized by Lifetein (Hillsborough, NJ, USA) using solid-phase peptide
synthesis and purified to >95% yield using reverse phase high-pressure liquid chromatogra-
phy (RP-HPLC). RSSV-FITC was designed (sequence Arg-Ser-Lys(FITC)-Val) by replacing
the serine at position 3 with a lysine to incorporate the fluorescein isothiocyanate (FITC)
fluorescent label while maintaining the peptide arginine positive charge for peptide func-
tion and the single free amine (N-terminus) for attachment. All peptide sequences were
confirmed to be of the correct molecular mass by LC-MSMS analysis following purification.
Lyophilized peptide was resuspended in PBS buffer (pH 7.4) to a final concentration of
1.7 mg/mL 4G, 3 mg/mL RSSV or 12 mg/mL 4RSSV before conjugation to particles.
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2.2. Mesoporous Silica Nanoparticles (MSNPs) Synthesis

MSNPs were synthesized following the method described by Yamada et al. [49], where
TIPB was used to swell the CTAB micelles, the pore forming agent, during surfactant-
templated synthesis. Initially, 0.56 mL of TEA and 3.0 g of CTAB were added to 360 mL of
DIUF water. The solution was stirred at 80 ◦C for 2 h for complete mixing and emulsion
formation, and 16 mL of TIPB was added under vigorous mixing. After 30 min, a complete
colloidal state (oil-in-water) was obtained and 4.77 mL of TPOS was added with constant
stirring. The solution was stirred vigorously for 12 h at 80 ◦C to obtain white solid parti-
cles. The particles were then separated by repeated centrifugation and washing, and the
surfactant was removed by acidic ethanol (2 M HCl in ethanol) washing before drying at
84 ◦C overnight.

2.3. Amine Functionalization and Quantification

Amine-functionalized MSNPs (MSNPAs) were obtained by condensing APTES on the
particle surface using modified literature procedures [10,55–57]. Two-hundred milligrams
of MSNPs were uniformly dispersed in 25 mL of dry ethanol by sonication for 15 min. An
amount of 0.5 mL of APTES was added dropwise under constant stirring in a nitrogen-filled
glove bag, and the solution was kept stirring in a closed vessel for 24 h at room temperature.
Particles were centrifuged with repeated ethanol washing and cured at 84 ◦C for 24 h.
After curing, particles were stirred in excess ethanol for 24 h to remove any remaining
loosely bound amine species. The functionalized particles were again washed 3 times with
anhydrous ethanol and dried at 84 ◦C.

Amine quantification. The amount of amine groups on the functionalized particle surface
was determined by a previously reported fluorescamine assay after particle dissolution [58,59].
A total of 30 mg of particles was dissolved over an 8 h period in 30 mL of 0.02 M NaOH
at room temperature under vigorous stirring. One-hundred microliters of this solution
and 1.0 mL of 1.0 mM fluorescamine in acetone were mixed with 2.0 mL of PBS solution at
pH 7.4. The emitted fluorescence intensity of this solution was measured at 480 nm after ex-
citation at 366 nm using an Agilent (Santa Clara, CA, USA) Varian Cary Eclipse fluorescent
spectrophotometer. The amount of amine on the particle surface was determined by a cali-
bration curve prepared using known amounts of APTES and non-functionalized MSNPs.

2.4. Peptide Attachment to MSNPAs

For Type-1 attachment, 10 mg of MSNPAs were sonicated in 1 mL of PBS solution
(pH 7.4) for 15 min to make a uniform dispersion and mixed with 3 mg of SNLD in 100 µL
DMF at 4 ◦C. The mixture was stirred at 4 ◦C overnight followed by centrifugation of the
particles. Particles were washed with fresh PBS solution three times to remove excess,
unbound linker and then dispersed in 2 mL of PBS solution containing 3 mg of RSSV
peptide at room temperature with vortex mixing. The solution was then stirred overnight
to allow adsorption of peptide on the particle surface and finally treated with UV light
(Thorlabs, Newton, NJ, USA, model M00284926, λ = 365 nm, 1.2 A) with continuous stirring
for 60 min, which was selected based on a series of attachment experiments using RSSV-
FITC with different UV treatment times (0, 10, 30, 45, 60, 90 and 120 min) (see Section 2.6
for quantification). After UV treatment, peptide-conjugated particles (MSNPA-RSSV)
were separated by centrifugation and washed 5 times with fresh PBS solution and dried
overnight in vacuum at room temperature.

For the Type-2 attachment, 3 mg of SNLD in 100 µL DMF was mixed with 3 mg of RSSV
peptide in 1 mL PBS solution, and the mixture was allowed to stir at 4 ◦C overnight for the
completion of linking with the amine terminus of peptide. Ten milligrams of MSNPAs was
dispersed uniformly in 1 mL PBS with sonication and added to the peptide-linker solution.
The combined mixture was allowed to stir overnight for adsorption of peptide–linker
conjugation on the particle surface and then UV treated for 60 min with continuous stirring
to allow for the attachment to the particle surface. Finally, peptide-attached particles
were separated by centrifugation, washed thoroughly with fresh PBS solution and dried
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overnight in vacuum at room temperature. 4G and 4RSSV attachment using the Type-2
attachment method is similar, but 1.7 mg of 4G or 12 mg of 4RSSV was used to keep the
molar ratio of peptide:amine approximately the same as for RSSV.

2.5. Material Characterization

A FEI (Hillsboro, OR, USA) Helios Nanolab 660 Focused Ion Beam/Scanning Electron
Microscope (SEM) was used to examine the particle morphology. Particles were dispersed
onto a 15 mm aluminum stub using double-sided carbon tape, excess materials were blown
off with dry N2 and the samples were stored in a desiccator for 24 h. Prior to SEM analysis,
the particles were coated with conductive Au-Pd alloy using an Emscope (Hercules, CA,
USA) SC400 sputtering system. Average and standard deviation of particle diameters were
calculated using 20 random particles using ImageJ Software, version 1.53. The internal
pore structure of the particles was characterized using a FEI (Hillsboro, OR, USA) Talos
F200X Transmission Electron Microscopy (TEM). Particles were dispersed in ethanol within
a sonication bath for 5 min. Using a pipette, a small volume of the suspension was drop
cast onto a lacey carbon-coated copper TEM grid, which was allowed to dry for a minimum
of 5 min. Afterward, the samples were stored in a TEM storage box overnight before
imaging. Surface characterization was performed using nitrogen adsorption conducted at
−196 ◦C with a Micromeritics (Norcross, GA, USA) TriStar 3000 gas sorption instrument.
Samples were degassed at 135 ◦C for 4 h under flowing N2 gas before analysis. The specific
surface area, average pore diameter and pore size distribution were estimated using the
Brunauer–Emmett–Teller (BET) isotherm and by Barrett–Joyner–Halenda (BJH) method,
respectively. To confirm the covalent linkage of peptides, Fourier transform infrared (FTIR)
spectroscopy was conducted using a Thermo Fisher Scientific (Pittsburgh, PA) Nicolet
Nexus 470 spectrometer with a deuterated triglycine sulfate (DTGS) detector. A total of
0.5 g of anhydrous KBr and particles (0.5–1.0 wt%) was crushed with a mortar and pestle,
and some of this powder was pressed into a pellet for transmission analysis. Dynamic light
scattering (DLS) was used to measure the zeta potential of the particles with an Anton-Paar
(Ashland, VA, USA) Lightsizer 500 instrument. Initially, a 1 mg/mL uniform particle
suspensions was made in DIUF water with sonication and diluted to around 0.1 mg/mL
concentration before measurement. The pH values of the solutions were adjusted by adding
a very small amount of either 0.1 N HCl or 0.1 N NaOH solution in water as required to
obtain the desired pH, which was checked before every measurement with a benchtop pH
meter (Accumet Research AR25 dual channel pH meter from Fisher Scientific, Pittsburgh,
PA, USA). For measurements, the solutions were carefully placed in an Omega Cuvette
consisting of an inverted omega-shaped capillary tube without any air bubbles.

2.6. Quantification of Peptide Attachment

Fluorescein isothiocyanate (FITC)-labeled RSSV peptide (RSSV-FITC) was used to
quantify RSSV attachment efficiency to the particle amine groups by solution depletion
with fluorescence spectroscopy. During quantification of peptide attachment, the amount
of particles and linkers and the solution volume were the same as during RSSV attach-
ment. The amount of RSSV-FITC was adjusted to 5.5 mg (instead of 3 mg RSSV) to keep
the molar ratio of peptide:amine the same. Fluorescence intensity of the solution after
attachment was measured at an emission wavelength of 520 nm (peak fluorescence) after
excitation at 495 nm (peak absorbance) and compared to a calibration curve prepared with
known amounts of RSSV-FITC. Type-1 attachment was quantified using the calibration
curve of RSSV-FITC (only peptide) fluorescence intensity, whereas Type-2 attachment
was quantified using the calibration curve of SNLD-RSSV-FITC (peptide conjugated with
linker) after correcting to account for photo-bleaching (intensity reduction) during the UV
treatment period.

Thermogravimetric analysis (TGA) was performed to quantify the amount of organic
groups (peptides) conjugated to the particle surface with a TA-SDT-Q600 simultaneous
TGA/DSC instrument (TA Instruments, New Castle, DE, USA). Particle samples were
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dried at 50 ◦C under vacuum overnight before performing TGA analysis from 25 ◦C to
500 ◦C with a ramp rate of 10 ◦C/min and under constant dry air flow of 100 mL/min.
Functional group contents were analyzed by thermal decomposition and combustion of
organics for MSNPA, MSNPA-4G, MSNPA-RSSV and MSNPA-4RSSV compared to bare
MSNP. Specifically, mass losses from 150 ◦C to 500 ◦C were used to determine the amount
of amine grafting (before conjugation) and peptide grafting (after conjugation).

3. Results and Discussion

MSNPs with large pores (~8 nm average pore size) were synthesized by the method
of Yamada et al. [49], where CTAB surfactant template was used to create pores and TIPB
served to expand the micelle pore templates. The conditions used here were intended to
reproduce the particles reported by Yamada et al. with a TIPB:CTAB molar ratio of 8, which
were shown to have an open, accessible pore morphology. After synthesis, the surfactants
were removed from the pores by acidic washing. Particles were then functionalized with
amine groups by the condensation of the organosilane precursor, APTES, on the particle
and pore surface. Spherical particles with average diameter of 146 ± 27 nm and radially
oriented, 8 nm pores were obtained after template extraction, as seen in the TEM and
SEM image presented in Figure 2. This particle size is consistent with the size reported by
Yamada et al. [49] and suitable for cell uptake [60].

Surface characterization (surface area, pore volume and average pore size) was per-
formed using nitrogen adsorption before and after amine functionalization (Figure S1 in
electronic supplementary information (ESI) and Table 1). Nitrogen sorption of particles
showed Type-IV isotherms (Figure S1a), consistent with the presence of uniformly sized
mesopores and textural porosity giving an uptick in adsorption at high relative pressure.
X-ray diffraction patterns did not show any peaks (data not shown), as the radially oriented
pores (Figure 2a) do not have large domains of uniformly oriented mesopores. The average
pore diameter, as determined by the BJH method, was reduced with functionalization
(7.9 nm to 7.6 nm) (Figure S1b). The pore size distribution of the MSNP base material
matches that reported by Yamada et al. for particles prepared with 8:1 TIPB:CTAB ratio [49].
The width of the pore size distribution is consistent with the radial mesopore structure
evident in Figure 2b. The surface area and pore volume were also reduced after function-
alization, consistent with amine grafting inside the mesopores. The large pore size of the
particles (relative to CTAB-templating alone) allows the amine functional groups in the
pores to be accessible for covalent attachment to the linkers and peptides. The amount of
amines on the particle surface was estimated by chemical analysis to be 1.53 mmol amine/g
silica, corresponding to 64% of a monolayer coverage on the particle surface considering the
projected area per aminopropyl group on the surface (0.5 nm2/aminopropyl group) [58,61].

Oligopeptides RSSV, 4G and 4RSSV were conjugated to amine functional groups
on the particle using hetero-bifunctional linker SNLD, which provides a combination of
amine-reactive chemistry with the photochemistry of diazirine groups for UV activation.
The silica pore walls should not hinder UV light reaching the interior of the particles; silica
cavities with pore walls of much greater thickness (2 µm) have been functionalized using a
similar UV treatment process [50]. UV-activated conjugation is relatively rapid and efficient
compared to NHS conjugation [62] and was determined to be optimized with 60 min of
treatment using RSSV-FITC attachment (data not shown).
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Table 1. Surface properties of MSNPs from nitrogen adsorption before and after amine functionalization.

Particle Type BET Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

Average Pore
Diameter (nm) a

MSNP 729 2.32 7.9 ± 2.2
MSNPA 469 1.50 7.6 ± 1.9

a The range is determined from the full width at half maximum (FWHM) of the BJH pore size distribution.

For RSSV, two different peptide conjugation strategies were used with a bifunctional
linker (Figure 1). For Type-1 attachment, SNLD was first conjugated to amine groups on
the particles by using amine-reactive NHS moieties, and then the peptide N-terminus was
attached to the linker using the diazirine end via UV treatment. In the Type-2 attachment
sequence, the peptide N-terminus was first attached to the linker NHS end before attaching
the diazirine end to particle amine groups by UV treatment. FITC-conjugated RSSV (RSSV-
FITC) was used to evaluate these two oligiopeptide attachment strategies. Fluorophore-
tagged peptides/proteins are widely used to calculate the attachment efficiency using homo-
or hetero-bifunctional linkers [63]. The UV–Vis absorbance spectra of RSSV-FITC were
measured (Figure S2 of ESI), where the absorbance peak and intensities do not change with
UV treatment up to 120 min of treatment. Fluorescence intensities were used to measure
RSSV-FITC attachment by solution depletion, while accounting for photobleaching of the
fluorescent moiety (using a control UV treatment in the absence of any particles) during the
functionalization process. UV illumination caused 25% and 35% reduction in intensity for
RSSV-FITC and SNLD-RSSV-FITC after 60 min of treatment for Type-1 (Figures S3 and S4)
and Type-2 attachment (Figures S5 and S6), respectively.

Based on the calculation of solution depletion after peptide conjugation, the attachment
efficiency of Type-2 conjugation was found to be 0.43 mol peptide/mol amine, whereas
for Type-1 conjugation, it was 0.24 mol peptide/mol amine. Better efficiency of Type-2
attachment is consistent with literature describing antibody conjugation to polyamine
yarns using NHS-LC-diazirine [64]. The improved attachment efficiency may be due to
the high concentration of diazirine groups accessible to amine groups in the pores during
Type-2 attachment. It is also possible for the diazirine group to bind with another amine
group or unintended peptide moieties during Type-1 attachment, which along with lower
attachment efficiency, makes Type-1 a less attractive option. During Type-2 attachment, acti-
vated diazirine can attach to the carboxyl moiety of another peptide. However, if activated
diazirine binds to the C-terminus of another peptide, the complex will be removed during
particle washing steps. Thus, Type-2 attachment is preferable to preserve peptide function-
ality. UV–Vis absorbance and fluorescence intensity of the particles and the supernatant
after Type-2 conjugation using RSSV-FITC with UV treatment are provided in Figure 3,
compared to identical systems in the absence of UV treatment (no diazirine activation and
subsequent covalent bond formation). The absorbance and fluorescence intensity of the
particles increased only when they underwent UV treatment, whereas absorbance and
fluorescence intensity decreased in the supernatant, consistent with RSSV-FITC attachment
to the particles. Note that the particle external surface represents less than 3% of the total
surface area (considering spherical particles), and as a result, peptide attachment should be
only 0.03 mol peptide/mol amine if peptides were only able to attach to the outer surface
amines of the particles. Considering the high relative amount of peptide attachment, the
peptides are conjugated primarily to the amines inside the pores, as hypothesized.
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Figure 3. UV–Vis absorbance (left) and fluorescence intensity (right) of (a,b) particles re-suspended
in solution and (c,d) supernatant after fluorescein isothiocyanate (FITC)-labeled RSSV (Arg-Ser-Ser-
Val tetrapeptide) attachment to the particles using Type-2 conjugation. Solid red lines and dashed
blue lines represent results with or without UV treatment, respectively. Both UV absorbance and
fluorescence intensity of the particles increases after UV treatment, whereas supernatant intensity
decreases, suggesting successful binding of peptide.

To show covalent linkage (not merely physical adsorption), FTIR spectra of the
particles after peptide attachment were measured. The FTIR spectra of MSNPs (bare,
amine-functionalized, RSSV-functionalized and 4RSSV-functionalized prepared by Type-2
attachment) are compared in Figure 4, along with the spectra of fresh linker and pep-
tides. The FTIR spectra of the bare MPSNs do not contain a peak due to –CH2 stretching
(2800–3000 cm−1), suggesting complete removal of the organic template following particle
synthesis. For bare MSNPs and MSNPAs, the most prominent peaks are bands corre-
sponding to Si-O-Si and Si-OH vibration, located at 1080 and 960 cm−1, respectively [38].
Primary amine peaks are not visible, but amine functionalization was quantified by chemi-
cal analysis, as described previously. The linker, SNLD, has symmetric and asymmetric
(-C=O from the ester) stretching vibrations at 1788 and 1736 cm−1, respectively, whereas
peaks at 1223 and 1051 cm−1 can be assigned as asymmetric C-N-C and N-C-O stretch-
ing vibrations, respectively [21]. There are also two peaks correspond to diazirine (N=N
stretching at 1643 and N-H amide bond stretching at 1540 cm−1) [65–68]. After peptide
attachment, the intensity of –CH2 stretching vibrations (2800–3000 cm−1) increases, which
indicates the presence of linking spacer between particle surface and peptide, whereas
peaks corresponding to NHS ester and diazirine groups disappear, suggesting their con-
version during the attachment process. Both MSNPA-RSSV and MSNPA-4RSSV show
increased intensity corresponding to the arginine side chain stretching vibration, which
confirms peptide attachment to the particle surface. Specifically, the spectra of the RSSV
oligopeptides have characteristic peaks from the arginine side chain (CN3H5

+) (asymmetric
and symmetric stretching vibrations of 1673 and 1586 cm−1, respectively), -CH3 bending
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vibration at 1460 cm−1 from valine and C-OH bending vibration from serine side chain
(1181 cm−1) [69]. On the other hand, characteristic peaks of the inner groups from 4G
(CH2 bending at 1435 cm−1, COO- symmetric and asymmetric stretching at 1788 and
1736 cm−1, and C=O stretching at 1637 cm−1 [70]) remain, while N-H symmetric and asym-
metric stretching peaks (at 3311 and 3276 cm−1 [71]) disappear, suggesting covalent linkage
through the N-terminus.
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Figure 4. FTIR spectra of peptide functionalized particles relative to bare MSNPs and MSNPAs,
as well as fresh linker (sulfo-NHS-LC-diazirine) and peptides with peaks corresponding to major
functional groups labeled. In the figure, 4RSSV is a peptide made of 4 sequential RSSV units and 4G
is a tetraglycine.

The quantity of non-fluorescent peptides (RSSV, 4RSSV and 4G) conjugated to the
MSPAs was measured directly by TGA to demonstrate that the Type-2 attachment strategy
is generalizable. Specifically, the mass loss by the peptide (RSSV, 4G and 4RSSV)–linker-
conjugated MSNPAs (synthesized using Type-2 attachment) was compared to that of
MSNPs and MSNPAs in the range 150 ◦C to 500 ◦C, which corresponds to the thermal
degradation and combustion of the organic groups (Figure 5). For bare MSNPs, 2.6%
mass is lost from 150 to 500 ◦C (0.0278 mg/mg silica; representing impurities such as
residual template and further temperature-induced condensation of silica) and is subtracted
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before calculating the organic content of the other particles based on mass loss in this
temperature range.
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Figure 5. Thermogravimetric analysis (TGA) profiles of particles showing relative mass loss
with temperature increase for (a) MSNP, (b) MSNPA, (c) MSNPA-4G, (d) MSNPA-RSSV and
(e) MSNPA-4RSSV.

The amount of aminopropyl groups on MSNPAs was found to be 0.494 mg/mg
silica (1.04 mmol amine/g silica). Therefore, TGA analysis underestimates the amount of
amine by a factor of 0.67 compared to that of chemical analysis (see above). The reason
for this underestimation may be the presence of carbon residue on the particle surface
(which was visually observed on the particles). After subtraction of the weight loss of
organics for MSNPAs, an additional 0.132, 0.208 and 0.516 mg/(mg silica) weight loss
(due to removal of peptides and linkers) was observed for MSNPA-4G, MSNPA-RSSV and
MSNPA-4RSSV, respectively. This corresponds to 0.300 mmol 4G/g silica, 0.324 mmol
RSSV/g silica and 0.267 mmol 4RSSV/g silica. The molar attachment efficiency with amine
is similar for the three peptides: 0.288, 0.311 and 0.257 mol peptide/mol amine for 4G,
RSSV and 4RSSV, respectively, based on the masses of amines calculated using TGA. It
is usually difficult to estimate protein length due to the presence of different secondary
structures, but for oligopeptides, an average length of 3.6 Å can be assumed per amino
acid [72]. Thus, a contour length of 1.4 nm, 1.4 nm and 5.8 nm can be approximated
for 4G, RSSV and 4RSSV, respectively, in addition to 1.25 nm of spacer length from the
linker [52]. Therefore, the method of peptide attachment to MSNPAs is robust to amino acid
sequences and oligopeptide length. Furthermore, note that TGA analysis underestimated
RSSV attachment by a factor of 0.72 compared to fluorescence spectroscopy measurements,
which is close to aminopropyl underestimation for MSNPAs, again due to carbon residue
on the particle surface. Thus, chemical methods are more accurate in estimation of peptide
attachment, but TGA can provide a reasonable estimation of relative attachment.

All of the particles after peptide conjugation (MSNPA-4G, MSNPA-RSSV and MSNPA-
4RSSV) remain positively charged at physiological pH (Figure S7), consistent with the
presence of unreacted surface amine groups. MSNPA-4G has a slightly lower zeta potential
compared to bare MSNPAs, but MSNPA-RSSV and MSNPA-4RSSV have comparable charge
to MSNPAs. Possible charge reduction after reaction of surface amine groups due to peptide



Nanomaterials 2022, 12, 608 13 of 17

conjugation may be offset by the charge of the positive moieties of arginine side chains for
MSNPA-RSSV and MSNPA-4RSSV. Positive charge is important for the colloidal stability
of the particles during suspension and re-suspension. Due to high positive charge, these
particles should be appropriate for intracellular penetration where positive charge has been
shown to be beneficial [73].

A challenge of covalent immobilization of peptides on surfaces is the possible loss of
the desired selective ligand binding functionality after attachment [7]. Selective binding
of biomolecules with peptide immobilized to an affinity column surface was demon-
strated [7,53], and even utilized for the fractionation of some biomolecules [74–76]. For
biomolecule binding with covalently linked peptides on particle surfaces, although hy-
drophobic interactions are the main driving force for binding, hydrogen bonding with
hydroxyl and aminopropyl groups may also be present [77,78], which makes the binding
more complicated. A large amount of non-specific binding of biomolecules from aqueous
solutions is also expected. Here, controlled covalent linkage of peptide to mesoporous
silica nanoparticles provides a better opportunity to effectively use the pores, in contrast
to noncovalent functionalization [34,79], which has been used for RNA delivery or ther-
anostics. Functionalization inside the pores is also superior compared to only external
surface functionalization by peptide for drug delivery [10] or cellular receptor binding [80].
High β-estradiol binding capacity of tetrapeptide RSSV [53] and its repeat 4-mer should
also provide an opportunity for the removal of these types of compounds from polluted
water sources, which are well-recognized endocrine disrupting compounds [81]. However,
selective biomolecule binding and separation is beyond the scope of current investigation
and will be pursued in future studies.

4. Conclusions

Functional oligopeptides 4G (Gly-Gly-Gly-Gly), RSSV (Arg-Ser-Ser-Val) and 4RSSV
were attached to large pore (7.9 nm diameter), amine-functionalized MSNPS using a hetero-
bifunctional linker, sulfo-NHS-LC-diazirine (SNLD), which contains an amine-reactive
NHS ester group and UV-activable diazirine group. Hetero-bifunctional peptide linkers
containing a diazirine group provide precise control of the mechanism and orientation
during attachment with a high activation wavelength (365 nm), which is more benign to
proteins and peptides compared to other linkers that are activated at lower wavelength.
Two different conjugation schemes were compared to attach oligopeptide RSSV to the
MSNPs based on the order of addition (Type-1: functionalize particle with linker and
then attach the peptide; Type-2: attach the linker to the peptide and then functionalize the
particle with peptide–linker conjugate). The efficiency of peptide attachment was measured
by fluorescence spectroscopy using FITC-labeled peptides (RSSV-FITC). Higher attachment
efficiency per mol amine groups was found for Type-2 attachment (0.43 mol RSSV/mol
amine) compared with Type-1 attachment (0.24 mol RSSV/mol amine). Type-2 attachment
efficiencies of 4G, RSSV and 4RSSV on particles, as determined by TGA analysis, were
similar. This demonstrates that the attachment strategy is generalizable and can be used to
attach a range of sizes of oligopeptide to MSNPA.

The functional oligopeptide conjugation to “large pore” MSNPs appropriate for
biomolecule loading was demonstrated using a versatile and robust hetero-bifunctional
linking strategy, which provides precise control of binding moieties of peptide molecules.
High-capacity platforms for selective separation of biomolecules with therapeutic value can
be designed by selecting oligopeptides that mimic the specific binding sites of biomolecules.
For example, MSNPAs can be used to selectively isolate different small molecular thera-
peutics from living plants, a technique recently demonstrated by using engineered silica
nanoparticles [73]. Further, high-capacity adsorbents for the removal of specific therapeu-
tics in polluted water sources can be developed based on functionalizing silica particles
with selective members of peptide libraries.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12040608/s1, Figure S1: (a) Nitrogen sorption isotherms
and (b) pore size distributions of non-functionalized and amine functionalized MSNPs; Figure S2:
Absorbance spectra of RSSV-FITC before and after UV exposure; Figure S3: Calibration curve for
the concentration of RSSV-FITC in solution; Figure S4: Fluorescence intensity of RSSV-FITC solution
during UV photobleaching; Figure S5: Calibration curve for fluorescence intensities of SNLD-RSSV-
FITC before UV treatment; Figure S6: Fluorescence intensity of SNLD-RSSV-FITC solution during UV
photo-bleaching; and Figure S7: Zeta potentials vs pH for MSNPA-RSSV, MSNPA-4RSSV, MSNPA-4G,
and MSNPA.
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23. Karakeçili, A.G.; Satriano, C.; Gümüşderelioğlu, M.; Marletta, G. Enhancement of fibroblastic proliferation on chitosan surfaces
by immobilized epidermal growth factor. Acta Biomater. 2008, 4, 989–996. [CrossRef]

24. Li, B.; Chen, J.; Wang, J.H.C. RGD peptide-conjugated poly (dimethylsiloxane) promotes adhesion, proliferation, and collagen
secretion of human fibroblasts. J. Biomed. Mater. Res. A 2006, 79, 989–998. [CrossRef]

25. Oluwabusola, E. Development of Diazirine-Based Crosslinking Agents for Covalently Linking Protein. Master’s Thesis, University
of Salford, Manchester, UK, 2015.

26. Shigdel, U.K.; Zhang, J.; He, C. Diazirine-Based DNA Photo-Cross-Linking Probes for the Study of Protein–DNA Interactions.
Angew. Chem. Int. Ed. 2008, 47, 90–93. [CrossRef] [PubMed]

27. Chim, L.K.-L. Immobilizing Gradients of Neurotrophic Factors for Directed Peripheral Nervous System Cell Migration Guidance.
Master’s Thesis, Johns Hopkins University, Baltimore, MD, USA, 2016.

28. Das, J. Aliphatic diazirines as photoaffinity probes for proteins: Recent developments. Chem. Rev. 2011, 111, 4405–4417. [CrossRef]
[PubMed]

29. Suchanek, M.; Radzikowska, A.; Thiele, C. Photo-leucine and photo-methionine allow identification of protein-protein interactions
in living cells. Nat. Meth. 2005, 2, 261. [CrossRef] [PubMed]

30. Tanaka, Y.; Kohler, J.J. Photoactivatable crosslinking sugars for capturing glycoprotein interactions. J. Am. Chem. Soc. 2008, 130,
3278–3279. [CrossRef]

31. Liashkovich, I.; Rosso, G.; Rangl, M.; Ebner, A.; Hafezi, W.; Kühn, J.; Schön, P.; Hinterdorfer, P.; Shahin, V. Photopicking: In Situ
Approach for Site-Specific Attachment of Single Multiprotein Nanoparticles to Atomic Force Microscopy Tips. Adv. Func. Mater.
2017, 27, 1604506. [CrossRef]

32. Moussus, M.; der Loughian, C.; Fuard, D.; Courçon, M.; Gulino-Debrac, D.; Delanoë-Ayari, H.; Nicolas, A. Intracellular stresses in
patterned cell assemblies. Soft Matter 2014, 10, 2414–2423. [CrossRef]

33. Lozito, T.P.; Tuan, R.S. Mesenchymal stem cells inhibit both endogenous and exogenous MMPs via secreted TIMPs. J. Cell. Physiol.
2011, 226, 385–396. [CrossRef]

34. Lu, J.; Shen, H.-H.; Wu, Z.; Wang, B.; Zhao, D.; He, L. Self-assembly of bi-functional peptides on large-pore mesoporous silica
nanoparticles for miRNA binding and delivery. J. Mater. Chem. B 2015, 3, 7653–7657. [CrossRef]

35. Terracciano, R.; Casadonte, F.; Pasqua, L.; Candeloro, P.; Di Fabrizio, E.; Urbani, A.; Savino, R. Enhancing plasma peptide
MALDI-TOF-MS profiling by mesoporous silica assisted crystallization. Talanta 2010, 80, 1532–1538. [CrossRef]

36. Liu, H.-J.; Xu, P. Smart Mesoporous Silica Nanoparticles for Protein Delivery. Nanomaterials 2019, 9, 511. [CrossRef]
37. Xu, C.; Lei, C.; Yu, C. Mesoporous Silica Nanoparticles for Protein Protection and Delivery. Front. Chem. 2019, 7, 290. [CrossRef]

[PubMed]
38. Schlipf, D.M.; Zhou, S.; Khan, M.A.; Rankin, S.E.; Knutson, B.L. Effects of Pore Size and Tethering on the Diffusivity of Lipids

Confined in Mesoporous Silica. Adv. Mater. Interfaces 2017, 4, 1601103. [CrossRef]
39. Yushkova, E.D.; Nazarova, E.A.; Matyuhina, A.V.; Noskova, A.O.; Shavronskaya, D.O.; Vinogradov, V.V.; Skvortsova, N.N.;

Krivoshapkina, E.F. Application of Immobilized Enzymes in Food Industry. J. Agric. Food Chem. 2019, 67, 11553–11567. [CrossRef]
[PubMed]

40. Bolivar, J.M.; Nidetzky, B. The Microenvironment in Immobilized Enzymes: Methods of Characterization and Its Role in
Determining Enzyme Performance. Molecules 2019, 24, 3460. [CrossRef]

41. Aggarwal, S.; Chakravarty, A.; Ikram, S. A comprehensive review on incredible renewable carriers as promising platforms for
enzyme immobilization & thereof strategies. Int. J. Biol. Macromol. 2021, 167, 962–986. [CrossRef]

42. Castillo, R.R.; Lozano, D.; Vallet-Regí, M. Mesoporous Silica Nanoparticles as Carriers for Therapeutic Biomolecules. Pharmaceutics
2020, 12, 432. [CrossRef]

43. Kumar, P.; Tambe, P.; Paknikar, K.M.; Gajbhiye, V. Mesoporous silica nanoparticles as cutting-edge theranostics: Advancement
from merely a carrier to tailor-made smart delivery platform. J. Control. Release 2018, 287, 35–57. [CrossRef]

44. Wilkins, D.K.; Grimshaw, S.B.; Receveur, V.; Dobson, C.M.; Jones, J.A.; Smith, L.J. Hydrodynamic Radii of Native and Denatured
Proteins Measured by Pulse Field Gradient NMR Techniques. Biochemistry 1999, 38, 16424–16431. [CrossRef]

http://doi.org/10.2478/s11696-010-0057-z
http://doi.org/10.1371/journal.pone.0173871
http://www.ncbi.nlm.nih.gov/pubmed/28323849
http://doi.org/10.1039/B511175G
http://doi.org/10.1016/j.biomaterials.2016.06.022
http://www.ncbi.nlm.nih.gov/pubmed/27348850
http://doi.org/10.1021/la503439g
http://doi.org/10.1007/s00216-008-2231-5
http://doi.org/10.1016/j.actbio.2008.02.003
http://doi.org/10.1002/jbm.a.30847
http://doi.org/10.1002/anie.200703625
http://www.ncbi.nlm.nih.gov/pubmed/17994596
http://doi.org/10.1021/cr1002722
http://www.ncbi.nlm.nih.gov/pubmed/21466226
http://doi.org/10.1038/nmeth752
http://www.ncbi.nlm.nih.gov/pubmed/15782218
http://doi.org/10.1021/ja7109772
http://doi.org/10.1002/adfm.201604506
http://doi.org/10.1039/C3SM52318G
http://doi.org/10.1002/jcp.22344
http://doi.org/10.1039/C5TB01133G
http://doi.org/10.1016/j.talanta.2009.03.060
http://doi.org/10.3390/nano9040511
http://doi.org/10.3389/fchem.2019.00290
http://www.ncbi.nlm.nih.gov/pubmed/31119124
http://doi.org/10.1002/admi.201601103
http://doi.org/10.1021/acs.jafc.9b04385
http://www.ncbi.nlm.nih.gov/pubmed/31553885
http://doi.org/10.3390/molecules24193460
http://doi.org/10.1016/j.ijbiomac.2020.11.052
http://doi.org/10.3390/pharmaceutics12050432
http://doi.org/10.1016/j.jconrel.2018.08.024
http://doi.org/10.1021/bi991765q


Nanomaterials 2022, 12, 608 16 of 17

45. Khan, M.A.; Wallace, W.T.; Islam, S.Z.; Nagpure, S.; Strzalka, J.; Littleton, J.M.; Rankin, S.E.; Knutson, B.L. Adsorption and
Recovery of Polyphenolic Flavonoids Using TiO2-Functionalized Mesoporous Silica Nanoparticles. ACS Appl. Mater. Interfaces
2017, 9, 32114–32125. [CrossRef]

46. Kim, T.-W.; Chung, P.-W.; Lin, V.S.Y. Facile Synthesis of Monodisperse Spherical MCM-48 Mesoporous Silica Nanoparticles with
Controlled Particle Size. Chem. Mater. 2010, 22, 5093–5104. [CrossRef]

47. Tan, B.; Rankin, S.E. Interfacial Alignment Mechanism of Forming Spherical Silica with Radially Oriented Nanopores. J. Phys.
Chem. B 2004, 108, 20122–20129. [CrossRef]

48. Gu, J.; Huang, K.; Zhu, X.; Li, Y.; Wei, J.; Zhao, W.; Liu, C.; Shi, J. Sub-150 nm mesoporous silica nanoparticles with tunable pore
sizes and well-ordered mesostructure for protein encapsulation. J. Colloid Interface Sci. 2013, 407, 236–242. [CrossRef] [PubMed]

49. Yamada, H.; Ujiie, H.; Urata, C.; Yamamoto, E.; Yamauchi, Y.; Kuroda, K. A multifunctional role of trialkylbenzenes for the
preparation of aqueous colloidal mesostructured/mesoporous silica nanoparticles with controlled pore size, particle diameter,
and morphology. Nanoscale 2015, 7, 19557–19567. [CrossRef] [PubMed]

50. Berneschi, S.; Baldini, F.; Cosci, A.; Farnesi, D.; Conti, G.N.; Tombelli, S.; Trono, C.; Pelli, S.; Giannetti, A. Fluorescence biosensing
in selectively photo–activated microbubble resonators. Sens. Actuators B 2017, 242, 1057–1064. [CrossRef]

51. Lozito, T.P.; Jackson, W.M.; Nesti, L.J.; Tuan, R.S. Human mesenchymal stem cells generate a distinct pericellular zone of MMP
activities via binding of MMPs and secretion of high levels of TIMPs. Matrix Biol. 2014, 34, 132–143. [CrossRef]

52. ThermoFisher Scientific. Bioconjugation Technical Handbook; Thermo Fisher Scientific Inc.: Pittsburgh, PA, USA, 2018.
53. Tozzi, C.; Anfossi, L.; Giraudi, G.; Giovannoli, C.; Baggiani, C.; Vanni, A. Chromatographic characterisation of an estrogen-

binding affinity column containing tetrapeptides selected by a combinatorial-binding approach. J. Chromatogr. A 2002, 966, 71–79.
[CrossRef]

54. Iacobucci, C.; Götze, M.; Piotrowski, C.; Arlt, C.; Rehkamp, A.; Ihling, C.; Hage, C.; Sinz, A. Carboxyl-photo-reactive MS-cleavable
cross-linkers: Unveiling a hidden aspect of diazirine-based reagents. Anal. Chem. 2018, 90, 2805–2809. [CrossRef]

55. Ezzeddine, Z.; Batonneau-Gener, I.; Pouilloux, Y.; Hamad, H.; Saad, Z.; Kazpard, V. Divalent heavy metals adsorption onto
different types of EDTA-modified mesoporous materials: Effectiveness and complexation rate. Microporous Mesoporous Mater.
2015, 212, 125–136. [CrossRef]

56. Na, H.-K.; Kim, M.-H.; Park, K.; Ryoo, S.-R.; Lee, K.E.; Jeon, H.; Ryoo, R.; Hyeon, C.; Min, D.-H. Efficient Functional Delivery of
siRNA using Mesoporous Silica Nanoparticles with Ultralarge Pores. Small 2012, 8, 1752–1761. [CrossRef]

57. Lee, J.E.; Lee, N.; Kim, H.; Kim, J.; Choi, S.H.; Kim, J.H.; Kim, T.; Song, I.C.; Park, S.P.; Moon, W.K. Uniform mesoporous
dye-doped silica nanoparticles decorated with multiple magnetite nanocrystals for simultaneous enhanced magnetic resonance
imaging, fluorescence imaging, and drug delivery. J. Am. Chem. Soc. 2009, 132, 552–557. [CrossRef]

58. Schlipf, D.M.; Rankin, S.E.; Knutson, B.L. Selective external surface functionalization of large-pore silica materials capable of
protein loading. Microporous Mesoporous Mater. 2017, 244, 199–207. [CrossRef]

59. Ritter, H.; Nieminen, M.; Karppinen, M.; Brühwiler, D. A comparative study of the functionalization of mesoporous silica MCM-41
by deposition of 3-aminopropyltrimethoxysilane from toluene and from the vapor phase. Microporous Mesoporous Mater. 2009,
121, 79–83. [CrossRef]

60. Mu, Q.; Jiang, G.; Chen, L.; Zhou, H.; Fourches, D.; Tropsha, A.; Yan, B. Chemical Basis of Interactions Between Engineered
Nanoparticles and Biological Systems. Chem. Rev. 2014, 114, 7740–7781. [CrossRef]

61. Khan, M.A. Nanoharvesting and Delivery of Bioactive Materials Using Engineered Silica Nanoparticles. Ph.D. Thesis, University
of Kentucky, Lexington, KE, USA, 2019.

62. Van Itallie, C.M.; Mitic, L.L.; Anderson, J.M. Claudin-2 forms homodimers and is a component of a high molecular weight protein
complex. J. Biol. Chem. 2011, 286, 3442–3450. [CrossRef] [PubMed]

63. Casanova, D.; Giaume, D.; Moreau, M.; Martin, J.-L.; Gacoin, T.; Boilot, J.-P.; Alexandrou, A. Counting the number of proteins
coupled to single nanoparticles. J. Am. Chem. Soc. 2007, 129, 12592–12593. [CrossRef]

64. Waddell, C. The Development of a Rapid Fiber-Based Immunoassay as a Point-of-Care or In-Home Diagnostic Test. Master’s
Thesis, Clemson University, Clemson, SC, USA, 2013.

65. Ettinger, R. Infrared Spectrum of Diazirine. J. Chem. Phys. 1964, 40, 1693–1699. [CrossRef]
66. Gambi, A.; Winnewisser, M.; Christiansen, J.J. The infrared spectrum of diazirine: H2C<(N=N). Rovibrational analysis of the ν3

fundamental. J. Mol. Spectrosc. 1983, 98, 413–424. [CrossRef]
67. Martucci, N.M.; Migliaccio, N.; Ruggiero, I.; Rea, I.; Terracciano, M.; De Stefano, L.; Arcari, P.; Rendina, I.; Lamberti, A. Bioengi-

neered Surfaces for Real-Time Label-Free Detection of Cancer Cells. In Lab-on-a-Chip Fabrication and Application; IntechOpen:
London, UK, 2016; p. 179.

68. Mitchell, R.; Merritt, J. The infrared spectra of 3,3-dimethyldiazirine and 3,3-dimethyl-d6-diazirine. J. Mol. Spectrosc. 1968, 27,
197–209. [CrossRef]

69. Barth, A. The infrared absorption of amino acid side chains. Prog. Biophys. Mol. Biol. 2000, 74, 141–173. [CrossRef]
70. Kolev, T.; Spiteller, M.; Koleva, B. Spectroscopic and structural elucidation of amino acid derivatives and small peptides:

Experimental and theoretical tools. Amino Acids 2010, 38, 45–50. [CrossRef]
71. Zhang, G.; Xu, B.; Han, F.; Zhou, Y.; Liu, H.; Li, Y.; Cui, L.; Tan, T.; Wang, N. Green synthesis, composition analysis and surface

active properties of sodium cocoyl glycinate. Am. J. Anal. Chem. 2013, 4, 445. [CrossRef]

http://doi.org/10.1021/acsami.7b09510
http://doi.org/10.1021/cm1017344
http://doi.org/10.1021/jp046425f
http://doi.org/10.1016/j.jcis.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23866201
http://doi.org/10.1039/C5NR04465K
http://www.ncbi.nlm.nih.gov/pubmed/26538159
http://doi.org/10.1016/j.snb.2016.09.146
http://doi.org/10.1016/j.matbio.2013.10.003
http://doi.org/10.1016/S0021-9673(02)00745-8
http://doi.org/10.1021/acs.analchem.7b04915
http://doi.org/10.1016/j.micromeso.2015.03.013
http://doi.org/10.1002/smll.201200028
http://doi.org/10.1021/ja905793q
http://doi.org/10.1016/j.micromeso.2016.10.023
http://doi.org/10.1016/j.micromeso.2009.01.006
http://doi.org/10.1021/cr400295a
http://doi.org/10.1074/jbc.M110.195578
http://www.ncbi.nlm.nih.gov/pubmed/21098027
http://doi.org/10.1021/ja0731975
http://doi.org/10.1063/1.1725382
http://doi.org/10.1016/0022-2852(83)90252-7
http://doi.org/10.1016/0022-2852(68)90029-5
http://doi.org/10.1016/S0079-6107(00)00021-3
http://doi.org/10.1007/s00726-008-0220-9
http://doi.org/10.4236/ajac.2013.49056


Nanomaterials 2022, 12, 608 17 of 17
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