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ABSTRACT OF THESIS

VERSATILE FUNCTIONALIZATION STRATEGY FOR RECOVERY OF
ANTIBODIES USING SILICA NANOPARTICLES

In this work, the synthesis of protein-functionalized nonporous silica nanoparticles and
their application to capture antibodies was demonstrated. Silica nanoparticles were chosen
as they offered particle and pore size tunability, low toxicity, thermal stability, ease of
synthesis and ease of surface functionalization. A biotin-streptavidin-biotin bridge was
constructed on the surface of the particles and used to attach biotinylated Protein A/G
(PAG), which has high affinity for antibodies. The biotin-streptavidin-biotin bridge is
hypothesized to orient the PAG in a favorable manner for efficient antibody capture.
Nonporous silica nanoparticles (approximately 270 nm in diameter) were synthesized via
the Stöber method. Following amine functionalization, biotin was covalently attached to
the SNPs. Attachment of streptavidin, followed by biotinylated PAG was achieved using
the strong biotin-streptavidin interaction. 42.8 mg streptavidin was loaded onto per gram
particles, which was estimated to correspond to monolayer surface coverage. Due to their
similar size, 1:1 binding between streptavidin and PAG was assumed. The uptake of IgG
by PAG attached particles was measured by solution depletion. The equilibrium isotherm
was fit to the Langmuir adsorption model by performing nonlinear regression. Maximum
uptake capacity, qmax was found to be 110 mg antibody/g PAG particles, and the
equilibrium association constant KA was found to be 6.05×107 L/mol. The maximum
uptake capacity of IgG is consistent with 1:1 binding with Protein A/G on the SNP surface.
Experiments of antibody binding in the presence of bovine serum albumin, which served
as a model nonspecific protein, showed insignificant reduction of antibody binding. The
biotin-streptavidin-biotin bridge is a versatile approach to attach and orient biomolecules
at the surface of SNPs. This technique can be extended to biomolecule capture for a range

of affinity pairs, building on the prevalence of biotin and streptavidin functionalization
strategies of proteins and nucleic acids. Advantages of nanoparticle-enhanced biomolecule
detection and immunoassays can be further explored based on the versatility and specificity
of affinity capture using SNPs.

Keywords: Silica nanoparticle, biotin-streptavidin, Langmuir isotherm, antibody-Protein
A/G binding, fluorescence spectroscopy, affinity ligand.
Sayma Afrin
April 28, 2022

VERSATILE FUNCTIONALIZATION STRATEGY FOR THE CAPTURE OF
ANTIBODIES USING SILICA NANOPARTICLES

By
Sayma Afrin

Dr. Barbara L. Knutson
Co-Director of Thesis
Dr. Stephen E. Rankin
Co-Director of Thesis
Dr. Stephen E. Rankin
Director of Graduate Studies
April 28, 2022
Date

Table of Contents
List of Tables .......................................................................................................................v
List of Figures .................................................................................................................... vi
Chapter 1: Background ........................................................................................................1
1.1 Production and recovery of biopharmaceuticals ........................................................1
1.2 Capturing biomolecules using nanomaterials ............................................................4
1.3 Silica nanoparticle synthesis and surface functionalization.......................................7
1.4 Biotin-streptavidin interaction .................................................................................10
1.5 Solution depletion measured by fluorescence spectroscopy ....................................14
Chapter 2: Versatile Functionalization Strategy for Recovery of Antibodies Using Silica
Nanoparticles .....................................................................................................................19
2.1 Introduction ..............................................................................................................19
2.2 Materials and Methods .............................................................................................22
2.2.1 Materials .......................................................................................................... 22
2.2.2 Methods............................................................................................................ 22
2.3 Results and discussions ............................................................................................27
2.3.1 Particle size determination ............................................................................... 27
2.3.2 Amine quantification ....................................................................................... 28
2.3.3 Biotin addition to SNPA particles.................................................................... 30
2.3.4 Zeta potential measurement ............................................................................. 31
2.3.5 Streptavidin binding by SNPAB particles ....................................................... 33
2.3.6 Biotinylated Protein A/G attachment to SNPABS particles ............................ 37
2.3.7 Antibody binding to SNPABS-PAG particles ................................................. 37
2.3.8 Comparison of our functionalized nanoparticles for purifying antibodies to
existing methods in literature .................................................................................... 45
iii

2.4 Conclusion ...............................................................................................................49
Chapter 3: Functionalized silica nanoparticles in diagnostics and sensing .......................50
3.1 Enzyme loaded silica nanoparticles .........................................................................50
3.2 Fluorescently labelled silica nanoparticles ..............................................................55
3.3 Immunoassays based on infrared fingerprint signals of silica nanoparticles ...........61
3.4 Use of the biotin-streptavidin interaction to improve biosensor performance ........63
3.5 Impact of our functionalized silica nanoparticles ....................................................66
Appendix: Supplementary Materials of Chapter 2 ............................................................70
Sample calculation for amine quantification .................................................................70
Sample calculation for monolayer coverage of streptavidin..........................................71
Theoretical calculation of streptavidin loading on SNPABS ........................................71
Sample calculation of IgG uptake ..................................................................................71
Theoretical calculation for IgG : Protein A/G binding ratio ..........................................72
References ..........................................................................................................................73
VITA ..................................................................................................................................80

iv

List of Tables
Table 1: Experimental plan for IgG uptake by SNPABS-PAG in the presence of BSA .. 26
Table 2: Zeta potential of nonporous silica nanoparticles in PBS, bare, amine
functionalized and biotinylated ......................................................................................... 33
Table 3: Antibody uptake by SNPABS-PAG particles in the presence of BSA. For each
concentration of IgG, uptake in the presence of 3-, 6- and 12-times higher molar
concentration of BSA were studied. ................................................................................. 42
Table 4: Antibody uptake of SNPABS-PAG particles with 42.8 mg streptavidin/g
SNPABPS (SNPABS-PAG) and 96.2 mg streptavidin/g SNPABPS (High-SNPABS-PAG)
........................................................................................................................................... 43

v

List of Figures
Figure 1: Equilibrium adsorption of adsorbate on adsorbent.............................................. 3
Figure 2: Typical trend of data fitted to Langmuir isotherm .............................................. 4
Figure 3: Synthesis mechanism of nonporous silica nanoparticles via Stöber method ...... 8
Figure 4: Amine functionalization strategy of silica nanoparticles .................................. 10
Figure 5: Immunoassay utilizing the biotin-streptavidin pair. Schematic adapted from He
et al83. ................................................................................................................................ 14
Figure 6: Working principle of fluorescence spectrometry .............................................. 16
Figure 7: Schematic of the strategy of Protein A/G immobilization to the nonporous silica
nanoparticles (SNPs). ........................................................................................................ 21
Figure 8: Biotin-streptavidin-biotin sandwich employed to immobilize Protein A/G ..... 22
Figure 9: SEM image of nonporous silica nanoparticles .................................................. 28
Figure 10: Fluorescamine calibration curve for determining amine coverage of silica
nanoparticles (SNPAs) at gain 100. ................................................................................. 30
Figure 11: Covalent attachment of biotin to amine functionalized particles (SNPA) ...... 31
Figure 12: Calibration curve of Cy-3 labelled streptavidin in PBS at Gain 100 .............. 34
Figure 13: Uptake of streptavidin via biotinylated particles (SNPAB) with amine
functionalized particles (SNPA) serving as the negative controls, for lower range of initial
concentrations of streptavidin (0.00125 to 0.01 mg/ml) ................................................... 35
Figure 14: Uptake of streptavidin via biotinylated particles (SNPAB) with amine
functionalized particles (SNPA) serving as the negative controls, for higher range of initial
concentrations of streptavidin (0.01 to 0.08 mg/ml). The concentration corresponding to
the loading of SNPABS particles is also depicted in yellow. ........................................... 36
Figure 15: Calibration curve of Alexa Fluor 594 conjugated IgG, Gain 100, lower range of
concentration (0 to 0.025 mg IgG/ml PBS) ...................................................................... 37

vi

Figure 16: Calibration curve of Alexa Fluor 594 conjugated IgG, Gain 75, higher range of
concentration (0.025 to 0.125 mg IgG/ml PBS) ............................................................... 38
Figure 17: IgG uptake by SNPABS-PAG particles, and SNPABS particles as negative
controls .............................................................................................................................. 39
Figure 18: Possible non-specific binding of BSA to SNPABS-PAG particles that might
inhibit IgG uptake ............................................................................................................. 41
Figure 19: IgG uptake by SNPABS-PAG in the presence of different amounts of BSA in
the solution ........................................................................................................................ 42
Figure 20: Comparison of IgG uptake by SNPABS particles with different streptavidin
loading............................................................................................................................... 44
Figure 21: General strategy of enzyme loaded nanoparticle enhanced immunoassays .... 52
Figure 22: General strategy of dissolution immunoassays with dye-loaded particles ...... 59
Figure 23: General strategy of biotin-streptavidin interaction enhanced immunoassay.. 65

vii

Chapter 1: Background
1.1 Production and recovery of biopharmaceuticals
Proteins (including antibodies), nucleic acids and their derivatives are collectively
recognized as ‘biopharmaceuticals’. Biopharmaceuticals are generally of a more complex
structure and have larger molecular weight compared to synthetic drugs 1. For example,
metronidazole is a small synthetic drug of only 171 g/mole with a simple molecular
structure whereas the antibody IgG is a biopharmaceutical having a more complex 3D
structure and a molecular weight of 150,000 g/mole. Biopharmaceuticals are harvested
from biological processes such as cell cultures or microorganisms, instead of chemical
synthesis, which makes their purification more challenging in comparison. In industrial
scale, the purification of such biopharmaceuticals is mostly carried out by chromatographic
processes or membrane filtrations. In fact, such processes account for 36% of the industrial
separation technologies1, 2. Other downstream processing steps include centrifugation and/
or electrophoresis. There are different types of chromatography that are common in
separation processes, such as Size Exclusion Chromatography (SEC, separates based on
the molecular size), Ion Exchange Chromatography (separates based on charge of different
moieties)2, 3. Due to the demand of highly purified biopharmaceuticals, the purification
process consists of multiple steps1. Incorporation of nanomaterials in biopharmaceutical
separations have been found to reduce processing time and minimize cost4. With their
large surface area-to-volume ratio and surface modification abilities, nanomaterials such
as carbon nanotubes, magnetic nanoparticles, silica nanoparticles are some of the most
investigated nanomaterials for capturing biomolecules. However, they are yet to replace
industrial standard beads generally used in chromatographic columns such as the very
popular Protein-A functionalized magnetic Dynabeads (~2.8 μm in size) for purifying
antibodies5. Nanomaterials are not preferred to be used in such large-scale packed columns
as they introduce column back pressure6. At constant linear velocity of sample, the column
back pressure is inversely proportional to the square of the diameter of the packing
material7. When using particles smaller than 2 μm, the pressure drop increases greatly (as
high as 18,000 psi6).. Even in Ultra-High-Pressure Chromatography (UHPLC), where sub
2 μm particles are used, only capillary columns (inner diameter 30-100 μm) are utilized6.
1

For the above reasons, nanomaterials are more extensively studied for applications where
a small amount of them can be employed to capture a target analyte (such as proteins or
peptides) from a liquid phase sample. For example, nanoparticles functionalized with a
specific antigen would isolate its counter antibody (target analyte) from a biological sample
(such as blood or urine) containing that specific antibody. The analyte captured in such
way could then be used in sensing or diagnostic applications, along with purification.
Affinity ligands provide high specificity in the capture of biopharmaceuticals from dilute
solutions. In nature, there are various biomolecule pairs that bind each other with high
specificity and affinity. These include antibodies, which has a specific affinity for a
specific antigen, or enzymes that function only with a certain substrate, or streptavidin
which has a specific affinity for biotin or biotinylated molecules. These affinity pairs
interact with each other via ionic bonds, hydrogen bonds and van der Waals forces. Binding
between affinity pair can be assumed to be an equilibrium process that is described by an
association rate constant (kon), and a dissociation rate constant (koff) between the species.
The ratio of the dissociation and the association rate constants determine the equilibrium
dissociation constant or KD =

𝑘𝑜𝑓𝑓
𝑘𝑜𝑛

. Many also report the equilibrium association constant

KA, which is the inverse of KD. The larger the KA value, the stronger the affinity.
Protein A and G bind to Immunoglobulin G (a type of antibody) with KA values in the
range of ~109 M-1. Antibody and antigen pairs are well-known affinity couples. For
example, β2 subunit of E. coli Tryptophan synthase binds to the monoclonal antibody
raised against it with a KA of 0.31×109 M-1

8

. Enzyme-substrate is another well-known

affinity pair. The binding is quite strong, although not as strong as antibody-antigen pair.
For example, Methylparathion (MPT) pesticide (substrate) and acetylcholinesterase
(AChE) (enzyme) bind with a KA of 0.14 ×106 M-1 9. Another very well-known affinity
pair is biotin and streptavidin. Biotin is a small molecule also known as vitamin B7 and
streptavidin is a protein of about 55 KDa, that can bind 4 biotin molecules. Biotin and
streptavidin form the strongest non-covalent bond found in nature with a KA as large as
1014 M-1. The reason behind this affinity is that the biotin binding pockets of streptavidin
and biotin are complementary shape wise. There is extensive network of hydrogen bonds
in the binding pocket. Also, the binding pocket is hydrophobic so there are some
2

hydrophobic interactions going on as well as some Van der Waals force mediated
contacts10.
For equilibrium adsorption processes, an equilibrium can be assumed between the
adsorbate and surface binding sites on the adsorbent as pictured in Figure 1. Langmuir
adsorption model is a common model used to describe equilibrium adsorption. The
Langmuir adsorption model relates the uptake of an adsorbate by the adsorbent at
equilibrium (qe) to three parameters according to equation 1. These parameters are the
maximum uptake capacity (qmax), the equilibrium concentration of the adsorbent in bulk
medium Ce and the strength of interaction between the adsorbate and the binding site,
which is KA.
𝑞𝑒 =

𝑞𝑚𝑎𝑥 𝐾𝐴 𝐶𝑒
1+𝐾𝐴 𝐶𝑒

(1)

Figure 2 represents a typical dataset fitted to Langmuir adsorption model. Experimentally
measured equilibrium concentrations of the adsorbate (Ce) and the uptake at equilibrium
by the adsorbent (qe) are plotted. At lower equilibrium concentrations, the relationship
between qe and Ce remain linear but once the absorbent surface saturates with the adsorbate,
the uptake value stays close to constant, which is the qmax. By performing non-linear
regression, the values of the maximum uptake qmax and the association constant KA are
determined.

Figure 1: Equilibrium adsorption of adsorbate on adsorbent
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Figure 2: Typical trend of data fitted to Langmuir isotherm
1.2 Capturing biomolecules using nanomaterials
Various nanomaterials have been investigated for biopharmaceutical isolation, among
which carbon based nanomaterials, magnetic nanoparticles and silica nanoparticles have
been discussed below in brief as they are some of the most widely used nanomaterials for
such purposes1.
Carbon based nanomaterials such as carbon nanotubes, graphene, activated carbons are
promising candidates in purification because they interact strongly with many
biopharmaceuticals11. There are two types of carbon nanotubes (CNT), single-walled
(SWCNT, 1-2 nm diameter, tubular structure, single graphite sheet) and multi-walled
(MWCNT, 5-50 nm internal diameter, structure is made out of multiple concentric tubular
graphite sheets)12. CNTs offer many advantageous properties such as high rigidity of the
structure, large surface area, good conductivity and so on, which is the reason why they
have been so thoroughly studied in biosensing, as well as drug delivery and bioimaging13.
For capturing biomolecules, both covalent and noncovalent modification of the CNTs have
been evaluated 13. CNTs have benzene ring structures, so through interactions such as π-π
stacking, hydrogen bonding, and electrostatic forces, they can noncovalently interact with
many aromatic biomolecules. Such noncovalent functionalization of CNTs with affinity
ligands are usually preferred over covalent functionalization as the latter may alter the
4

structure of the nanomaterial14. Both types of CNTs have been used to purify cephalosporic
antibiotics and recovery was more than 80%11. Magnetic CNTs have been used to purify
lysozymes (~98% recovery) and another important kind of antibiotics known as
Fluoroquinolones with a recovery as high as 95%. Graphene oxides are another carbon
based nanomaterial, widely experimented with to purify lysozymes15-17 (reaching as high
as 94% recovery15). Graphenes or graphene oxides (G/GO) and their derivatives have been
used widely to isolate proteins such as glycoproteins, hemoglobin, cytochrome C, and
peptides.18 Activated carbons, known for their ability to remove organic contaminants from
different samples such as industrial wastewater, have also been studied to purify
monoclonal antibodies and isolate enzymes such as pectinase19.
Magnetic nanoparticles are another promising avenue for biomolecule purification. In
industrial biopharmaceutical purification step, the majority of the total production cost is
attributed to this step and many limitations still exist20. Reaching the desired purification
level often requires multiple cycles through the chromatography column, which also affects
the longevity of the packing material. Also, chromatography is used in a much later step in
purification because in the earlier stages, larger sized particulate impurities are present that
would clog the voids of the packing20. Utilizing magnetic nanoparticles in purification
processes (although, not as packing materials) could offer a faster and more effective
pathway for separation when external magnetic field is applied21. This would allow the
process to be significantly shortened, scalable and simplified as the above-mentioned
difficulties associated with column chromatography can be avoided. Consequently, the
production cost can be reduced. Use of nonporous magnetic particles can also be resistant
against pore-fouling from particulate impurities while also encouraging faster binding
kinetics as the binding is no longer governed by internal diffusion20.
Magnetic nanoparticles are a comparatively low-cost alternative to current packed bed
resins used for purification, although they are still mostly studied in a laboratory setting.20,
22, 23

. Magnetic nanoparticles (MNP) are coated with different materials for such

purification studies. For purifying IgG, Santana et al. have used dextran coating and
achieved uptake capacity of 344 mg IgG/ g particles24. Batalha et al. described IgG
purification with Arabic gum coated MNP which achieved 95% recovery after elution25.
5

Chitosan coated MNPs functionalized with concanavalin A (a type of carbohydrate binding
protein) produced 63 mg IgG uptake per g particles26. MNPs functionalized with affitins
(synthetic proteins that mimic antibodies and selectively bind to certain antigens) were
employed to purify IgG (65 mg IgG/ g particles) and lysozymes (58 mg lysozyme/g
particles)27. Magnetic core shell silica coated nanoparticles have the ability to be
functionalized with silane coupling agents to purify proteins. Amino-silane functionalized
silica coated MNPs have been employed to adsorb BSA (74% purity) and lysozyme (90%
purity)28. Surface functionalized MNPs have also been employed to purify different
Histidine tagged proteins29-31 and glycoproteins such as transferrins32.
Silica nanoparticles with their facile preparation, low cost, high specific surface area, ease
of surface modification, easy recovery by centrifugation and low cytotoxicity have made
them suitable for many purification applications33. Purification of biopharmaceuticals with
silica nanoparticles is fast and reproducible34. Nanoharvesting is another promising field
that has been studied mostly with silica nanoparticles. Plants produce many secondary
metabolites in response to their changing environment and to defend themselves against
various predators35. These metabolites also bind to human receptors and can help build
defense against different diseases or pathogens which is why harvesting these compounds
is desired36. Instead of destroying complete plants in the pursuit of recovering these
valuable metabolites, researchers have demonstrated the possibility to do so in a nondestructive method. Functionalized nanocarriers, such as silica nanoparticles, can penetrate
plant cells, bind to the target metabolites, and exit without killing the plant tissues. Such
processes are known as nanoharvesting37, 38.
While capturing antibodies with nonporous particles is mostly dependent upon the
functionalization of the surface and particle size, capturing antibodies with porous particles
have additional parameters that effect the uptake, such as the pore structure and pore size.
The affinity ligand used is also a factor to be considered. Nakanishi et al. immobilized
Protein A on to different mesoporous silica (pore size ranging from 2.3 up to 31.2 nm)
functionalized with γ-glycidoxypropyltrimethoxysilane (-Gly)39. Particles (0.5-1μm in
size) with pore sizes less than 12.7 nm demonstrated higher IgG binding than nonporous
particles of similar size. Particles with 2.7 nm pores immobilized the highest amount of
6

Protein A and consequently captured the highest amount of IgG (3 mg IgG/ g carriers).
However, when Protein G was used, particles with the pore size 12.4 nm bound the most
IgG (3 mg IgG/ g carriers).
As for dependence upon pore structure, it has been found that MSNPs with one directional
pore structure (such as MCM-41) can isolate twice as much IgG compared to MSNPs with
three-dimensional pore structure (MCM-48) because the one directional pores help orient
the ligands better40. There are many examples of silica nanoparticles being investigated for
IgG purification with genetically modified Protein A or Protein G attached to isolate
antibodies. Covalent coupling of Protein A or G through methods such as Schiff base41,
succinimide42, haloalkane43 and glutaraldehyde44 coupling have been reported in
literature45. Physically adsorbing proteins is not preferred generally as poor orientation of
the protein would result in lowered efficiency of purification. Another way to employ silica
is by surface printing strategy. IgG molecules are attached on the surface of the silica
microsphere (~400 nm) and a monomer then coats the remaining spaces. When the IgG
molecules are removed, it leaves an imprint for other IgG molecules to attach. Such silica
particles are quite selective and IgG adsorption was measured to be 15 mg/ g particles46. In
addition to antibodies, silica particles have been used to purify glutathione S-transferase
from cell lysates by functionalizing with 3-mercaptopropyltrimethoxysilane47. βcyclodextrin functionalized porous silica particles have been employed to purify an
anticancer compound, bufadienolides, from toad skin48. Ni2+ and Co2+ immobilized silica
nanoparticles have been used to isolate Histidine tagged proteins from cell lysates as
Histidine binds strongly to these metal ions49.
1.3 Silica nanoparticle synthesis and surface functionalization
Silica nanoparticles are commonly synthesized by reverse microemulsion method or by the
Stöber method 50, although the latter is more common. . The Stöber method is an example
of a sol-gel process. An alkoxysilane precursor such as TEOS (tetraethyl orthosilicate) is
hydrolyzed in water and alcohol (typically ethanol or methanol) solution with ammonia
acting as a catalyst. The partially or fully hydrolyzed TEOS molecules go through
condensation with either intact or other partially hydrolyzed TEOS molecules and create a
network of Si-O-Si that grows into monodisperse and spherical silica nanoparticles. The
7

strategy is demonstrated in Figure 3. When surfactants are included in the reaction mixture,
the TEOS condensation and subsequent particle growth occurs around the surfactant
micelles. Upon washing away the surfactants, we are left with porous particles. Due to this
mechanism of synthesis, there is an abundance of hydroxyl groups present on particle
surface that can be functionalized with a variety of functional groups.

Figure 3: Synthesis mechanism of nonporous silica nanoparticles via Stöber method
Functionalized mesoporous silica nanoparticles (MSNPs) are widely used as imaging and
diagnostic agents. Silica based nanoprobes are used in optical and magnetic resonance
imaging as only a small dose of these particles are efficient enough for quantitative imaging
over a longer period of time 51. This is because small amounts of mesoporous particles can
be loaded with high number of probes, owing to the large surface area of the particles. They
also offer the added benefit of exiting the body when the imaging process is completed.
Drugs having low solubility in water or hydrophobic drugs, or ligands can be loaded into
the pores of silica nanoparticles in non-aqueous environment, which is retained in aqueous
environment. They are then delivered to the affected cells through the process of
endocytosis and micropinocytosis and later released

52

.

Many of the therapeutic

nanoparticle delivery system to affected domains relies on the enhanced permeability and
retention effect (EPR). The method is complicated and governed by many factors but
briefly, it is the mechanism through which nanoparticles tend to accumulate on affected
areas such as cancerous tumors or inflammations, more than the unaffected areas53. This is
because tumor tissues go through unusual growth and result in abnormal forms, which in
turn cause the fluid and molecular dynamics to be unusual for macromolecular drugs or
nanoparticles carrying drugs53, 54. However, sometimes relying on the EPR effect alone is
8

not enough and the drug loaded particles can end up affecting healthy domains. Drug or
therapeutic agent loaded porous silica nanoparticle surface can be easily functionalized
with targeting ligands providing better specificity towards affected cells, which as a result
can greatly reduce the effect on healthy cells 55. For example, Oliveira et al.56 have reported
the use of curcumin (drug) loaded silica nanoparticles, covalently functionalized with
folate (targeting ligand) to target and destroy prostate cancer cells (prostate epithelial cells
were used as the control non-cancerous cell line). While curcumin loaded particles with or
without the targeting ligand group affected the cancer cells in a similar manner, the folate
functionalized particles affected the control cell lines much less (viable cells 75% after 48
hr) than the particles not functionalized with any folates (viable cells 45% after 48 hr).
Other applications of MSNPs include biosensing
engineering

59

57

, cell tracking

58

, and bone tissue

. For biomolecule immobilization studies, nonporous silica nanoparticles

provide valuable information about the physicochemical processes taking place on the
outer surface of the particles. Nonporous particles are also preferred when there is
possibility of external or internal diffusion limitations60. For example, Zhang et al. studied
the immobilization of carbonic anhydrase (CA) enzyme for CO2 capture application and
found that porous silica particles caused intra-particle diffusion resistance for the CO2 and
subsequently a low activity for the immobilized enzymes

61

. In comparison, when

immobilizing CA on nonporous particles, they observed minimal intra-particle diffusion
occur for CO2.
Alkoxysilane derivatives containing different functional groups are commonly available
(methyltriethoxysilane, 3-aminopropyltriethoxysilane, etc.).

A substitution reaction

between the hydroxyl groups on the silica nanoparticle surface and alkoxysilanes takes
place where alkoxy is the leaving group. This reaction is utilized in functionalizing the
nanoparticle surface with different functional groups such as thiol, amine, alkyl, phenyl
and many more. In a way, alkoxysilanes are the bridge between silica nanoparticle and
functional groups. In this thesis, 3-aminopropyltriethoxysilane (APTES) has been used to
functionalize the silica nanoparticle surface with amines (the functionalization strategy is
shown in Figure 4) as it is highly reactive towards various functional groups for
immobilization of various proteins, antibodies, and enzymes 62-64. Surface modification of
9

silica nanoparticles can be done either during the synthesis (co-condensation) or post
synthesis (grafting). In this thesis, post-synthesis grafting with APTES has been carried out
for both nonporous particles. The surface silanol groups (Si-OH) present on the
nanoparticles are exploited for grafting when carrying out silanization by APTES as shown
in Figure 4. Particles were not calcined prior to functionalization to maximize the surface
silanol groups 65. Post synthesis grafting does not alter the surface morphology or the pore
structure of the mesoporous particles, although the attached functional groups can block
the pores. The type and concentration of aminosilane, polarity of the solvent, and the water
content of the reaction medium control the coverage density and degree of coverage
(monolayer or multilayer)

66-68

. There is a possibility of non-uniform coverage by the

grafted amine groups during post-synthesis grafting, but that has been minimized by using
a more polar solvent such as ethanol 68. Silane derivatives are known to modify the charge,
hydrophilicity or hydrophobicity and adhesion properties of silica surfaces 62.

Figure 4: Amine functionalization strategy of silica nanoparticles
1.4 Biotin-streptavidin interaction
As briefly mentioned before, the protein streptavidin and the small molecule biotin bind
with each other with the strongest noncovalent bond known in nature (dissociation constant
≈10−14 mol/L). A single streptavidin homo-tetramer can bind to four biotin molecules. So,
if two biomolecules are biotinylated, they can be linked to each other by using streptavidin
10

as the bridge. Biotinylation of biomolecules such as antibodies or peptides is a fairly
established method. The biotin-streptavidin pair has been utilized in purification of
biomolecules such as proteins as well as in immunoassays for signal amplification. In
general, either biotin or streptavidin is attached to a substrate that may be particles, films,
or gels whereas the other one of the pair attached to antigen or antibody or any other
protein. Together the pair immobilizes the biomolecule on the substrate. The dimension of
a streptavidin was found by Chao et al. to be 5.8 nm× 5.4 nm× 4.8 nm and a distance of
about 2 nm remained between 2 binding sites on the same face 69. So, on a solid substrate,
such as a nanoparticle, a typical biotin-streptavidin-biotin bridge have the potential to be
used as a linker that could orient the biotinylated molecules away from the solid surface.
This could help preserve the activity of the said molecule in later steps. For example,
proteins are sensitive to their three-dimensional structure and directly immobilizing them
on a solid substrate might lead to the proteins being folded in a wrong way, leading to loss
of functionality. Using a biotin-streptavidin bridge to immobilize it instead, could help in
keeping the structure intact and also could help orient the protein away from the solid
surface as the bridge would work as a type of spacer arm.
With the help of a functional linker such as NHS or S-NHS, the amine groups can
covalently bind to proteins or biomolecules. N-hydroxysuccinimide (NHS) is one of the
most used linkers that forms stable amide bonds with the amines. For the work reported
here, NHS-ester activated biotinylation reagent was used to biotinylate the primary amines.
One of the early examples of purification utilizing biotin-streptavidin was reported by
Updyke et al70. The authors attached streptavidin to agarose gel that adsorbed biotinylated
monoclonal antibodies (mAbs). By utilizing the biotin-streptavidin pair, non-specific
immobilization of the antibodies was minimized. The immobilized antibodies were then
employed to isolate membrane antigens from murine spleen cells. Previously, researchers
used Staphylococcal protein A immobilized agarose gel as the choice of immunoaffinity
matrix. However, it was later found that when rat monoclonal antibodies are used, the
different subclasses of the antibodies had different affinity for the Protein A71. Varying
affinities meant a process where a different amount of mAb would be immobilized on the
substrate every time. So, in diagnostics applications where the antibody (or any other
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protein) needed to be immobilized on a solid substrate, relying on the interaction between
Protein A and antibody could produce difficulties with reproducibility. Instead, if the
substrate could be first functionalized with streptavidin and the antibodies could be
biotinylated. Then, by taking advantage of the biotin-streptavidin interaction, the antibody
could be easily immobilized on the substrate and the problem with reproducibility can be
overcome.
Examples using the affinity pair to immobilize biomolecules is abundant in literature72, 73.
Lu et al. developed biodegradable fibrous mats for protein purification74. They coelectrospun a biotinylated polymer with another triblock copolymer to make ultrafine
fibers. Streptavidin was then recognized by the biotin and thus immobilized. The
immobilized streptavidin would further bind to biotinylated proteins or antibodies to
capture/ isolate antigens or proteins or any other moieties. Streptavidin coated magnetic
beads are another popular medium for immobilizing biological moieties. For example, Lee
et al. immobilized biotinylated concanavalin A (ConA) onto streptavidin magnetic beads
that were then used to purify plasma membrane proteins75. The magnetic beads, however,
interfere with the electron beam used in electron microscopy and so imaging of the
complexes was not possible. Liu et al. reported a similar strategy with streptavidin
immobilized biotinylated graphene oxide that served as an affinity matrix for purification
of proteins76. The authors demonstrated the usefulness of the GO-biotin-streptavidin
complex by capturing biotinylated DNA, gold nanoparticles and fluorophores. Graphene
oxide is transparent towards electron beam which makes it ideal for imaging the captured
complexes by electron microscopy. Site-specific PEGylation antibodies has also been
reported which takes advantage of the biotin-streptavidin bridge. PEGylation of antibodies
offers many advantages such as the increment of the circulating half-life, reduced toxicity,
and improved solubility77. González-González et al. have demonstrated this by bridging
biotinylated PEG and biotinylated CD133 (glycoprotein expressed in stem cells) antibody
via streptavidin78. The evidence of site-specific PEGylation was provided by SDS-PAGE
analysis.
Biosensors that utilize biotin-streptavidin binding, especially for immobilization of a
component of the assay onto a substrate, are another field of study where extensive research
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has been conducted79-82. In many sandwich immunoassays, the secondary antibody
introduced is often biotinylated. Next, introduction of streptavidin is carried out. The
streptavidin would either be fluorescently labelled or be attached to a nanoparticle that has
been loaded with dye or enzyme molecules for producing the required signal. In the latter
case, because one nanoparticle can be loaded with thousands of dye or enzyme molecules,
the produced signal is much more amplified than traditional ELISA.
An elegant example of this can be found within the work of He et al83. Their target antigen
was HIV-1 p24, a biomarker for early detection of HIV-1 infection. Immobilized anti-HIV1 p24 monoclonal antibody first captures the antigen. This is followed by the addition of
biotinylated anti-p24 polyclonal antibody, which completes the sandwich. Then,
streptavidin functionalized gold nanoparticles bind specifically to the biotin. Addition of
nitric acid releases the gold nanoparticles, which are detected by ICP-MS. A general
schematic inspired from their work is depicted in Figure 5. The signal intensity is indirectly
dependent on the p24 antigen concentration, and the determined limit of detection (LOD)
was 1.5 pg/ml. Tan et al. reported silica based fluorescent Europium nanoparticles for use
in biolabeling or in highly sensitive time-resolved assays. The particles were modified with
streptavidin, followed by the attachment of biotinylated antibodies84. The particles were
used in a sandwich immunoassay for detection of carcinoembryonic antigens (CEA, LOD
1.9 pg/ml) and hepatitis B surface antigens (HBsAg, LOD 23 pg/ml). The biotinstreptavidin-biotin bridge has also been used to attach mAbs to liposomes by simple
incubation but higher lipid yield (>95%) compared to conventional methods (yield 5060%)85. The bridge can help orient affinity ligands better on a solid support, which has
been exploited in many protein or antigen purification applications.
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Figure 5: Immunoassay utilizing the biotin-streptavidin pair. Schematic adapted from He
et al83.
1.5 Solution depletion measured by fluorescence spectroscopy
An important method used throughout this thesis is fluorescence spectroscopy.
Fluorescently labelled proteins and antibodies have been used to carry out solution
depletion experiments to study uptake by the functionalized particles. In these solution
depletion measurements, a known initial concentration of fluorescently labelled protein or
antibodies (Ci) is exposed to functionalized particles to achieve equilibrium adsorption on
the particles and reduced bulk concentration of the fluorescently labeled species in the bulk
solution. After separating the particles from the solution, the equilibrium protein or
antibody concentration (Ce) is measured through fluorescent spectroscopy and compared
to the initial concentration. The following mass balance is used to calculate uptake of the
fluorescent species by the particles)
𝑉

qe = 𝑀 (𝐶𝑖 − 𝐶𝑒 )

(2)

where qe = uptake by the particles at equilibrium (in mass biomolecule/particle mass,
usually mg biomolecule/ g particle)
V = Total volume of the solvent (unit volume, usually ml)
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M = Total mass of the particles in the sample (unit mass, usually g)
Ci = Initial concentration of the fluorescently labelled biomolecule (unit mass/ unit volume,
usually mg/ml)
Ce = Equilibrium (or bulk) concentration of the fluorescently labelled biomolecule (unit
mass/ unit volume, usually mg/ml)
Uptake by the functionalized particles was measured from the solution concentration of the
corresponding biomolecules with covalently attached fluorophores. Fluorophores are
chemical compounds that can absorb light at a suitable wavelength and then emit it back
at a longer wavelength. Chemical structure of fluorophores often includes aromatic groups
or cyclic groups that contain multiple π bonds86. Fluorophores are important in imaging
applications and as fluorescent probes for detection applications. Some of the widely used
fluorophores in bioapplications are fluorescein isothiocyanate (FITC), green fluorescent
protein, Rhodamine 6G, and cyanine.
The fluorescence process is a 3-step process that consists of excitation, excited-state
lifetime and emission87. The first step is excitation, where an external light source
transforms the fluorophore to an excited electronic state. During a brief amount of time (110 ns), known as the excited-state lifetime, the fluorophore dissipates some of its
vibrational energy as the molecules collide with each other and some of the molecules
return to the ground state. When the fluorophore comes back to the ground state, it emits a
certain amount of energy in the form of light. This is the final step of the process, known
as the emission step. The wavelength of the emitted light is longer than the incident light.
The difference in the wavelengths is called the Stokes shift.
A fluorescent spectroscope has four elements, as shown in Figure 6: a fluorophore, a light
source to excite the fluorophore, wavelength filters or monochromators to isolate the
excitation light from emission light and finally, a detector that measures the intensity of
the light and produces an electronic signal which is recordable88. When a sample contains
a fluorophore and a light passes through the sample at a certain wavelength, the fluorophore
goes through the three steps of fluorescence discussed above. The emitted energy in the
form of light travels to the detector which is usually fixed at a 90-degree angle to the light
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source so that no interference due to the incident light can take place. A software
compatible with the instrument generates a spectrum once the emission photons hit the
detector.

Figure 6: Working principle of fluorescence spectrometry

Fluorescence intensity of a sample is dependent on a few factors, similar to absorbance,
such as the intensity of the incident light, the type of fluorophore and the concentration of
the fluorophore in the sample87. Beer’s law relates all these factors to the fluorescence
intensity as shown in equation (2):
F = 2.303 × K × I0 × εbc

(3)

F = Fluorescence Intensity
K = Instrument geometry constant
I0 = Intensity of the excitation light
ε = molar absorptivity of the fluorophore
b = optical path length
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c = concentration of the fluorophore
Beer’s law suggests that the fluorescence intensity is linear with concentration of the
fluorophore. Beer’s law is not applicable if the absorbance of the sample is greater than
0.05 AU for a pathlength of 1 cm89. At higher concentrations of the sample (usually greater
than 0.01 M)90, this relationship is no longer linear because the analyte molecules at high
concentrations become closer to one another and interact, which may affect the absorptivity
of the sample91. Also, at lower concentration of the analyte in a solution, the refractive
index can be assumed to stay constant but at higher concentrations, the value of the
refractive index no longer stays the same. This in turn causes the relation between
concentration of the analyte and the absorbance to no longer remain linear. Another reason
for nonlinearity of the relation might be due to higher amount of light scattering at high
concentrations of the analyte90. At higher concentrations, the fluorescence intensity of the
analyte solution would be lower in many cases because the emitted light might be
reabsorbed by the sample.
In case of single-molecule fluorescence spectroscopy, information about the fluorescence
quantum yield and lifetime is imperative. When a fluorophore absorbs light energy,
sometimes it may absorb all the energy and not emit any light back depending on the nature
of the fluorophore, the environment and fluorescence fatigue. The quantum yield is a ratio
between the number of photons absorbed and the number emitted. Fluorescence lifetime is
the amount of time a fluorophore spends being in the excited state before emitting energy
and returning to a lower energy state. It is an intrinsic property of the fluorophore and is
not affected by factors such as concentration of the fluorophore, and the measurement
method.
Background fluorescence and photobleaching are two of the most common problems
associated with fluorescence-based detection systems. Background fluorescence or noise
can arise from two main types of sources92. The noise may arise due to the instrument set
up, such as the excitation light source, or ambient light. The fluorophores themselves or
the media may also contribute to the noise. Fluorophores can autofluoresce upon some
environmental change.

Photobleaching can be simply explained by the fact that

fluorophores cannot repeat the fluorescence cycle infinitely. Its lifecycle depends on the
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specific fluorophore, intensity and duration of the incident light93. After a certain number
of cycles, the fluorescence starts to fade and eventually stops completely. There are some
dyes that are less prone to photobleaching compared to others, such as the Alexa Fluor dye
line by Thermo Fisher. However, in some applications, photobleaching is actually
desired93. For example, tissues have endogenous fluorophores which causes them to
autofluorescence. To reduce this autofluorescence, which is needed for fluorescent tissue
imaging, it is common practice to intentionally photobleach the tissues by exposure to UV
irradiation.
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Chapter 2: Versatile Functionalization Strategy for Recovery of
Antibodies Using Silica Nanoparticles
2.1 Introduction
The sensitive detection of antibodies is critical to disease diagnosis; antibodies are used in
numerous immunoassays because of their high specificity 94. In addition, efficient isolation
of antibodies enables rapid diagnosis 95. Antibodies are also used as therapies. The most
recent and heavily impactful application for this is treating COVID-19 patients, where
antibodies from patient who have already recovered, aid in triggering the necessary
immune response in the body of another recipient 96. COVID-19 has also highlighted the
need for versatile approaches to detect and purify antibodies with high efficiency and yield.
The current benchmark for antibody purification is based on Protein A-based affinity
chromatography 94. Protein A recognizes the Fc region of antibodies and binds to it, while
keeping the antigen binding area, or Fab region of the antibody, intact. In a single unit
operation, commercial protein-A based affinity chromatography can provide a product
purity of up to 95% 94. However, this process still suffers from long operation time and low
binding capacity. The Protein-A affinity beads are also very expensive and so, only a small
amount is employed in each step, which ultimately leads to more purification cycles,
resulting in further increased process time 97. Protein G is another common protein that is
heavily used to purify antibodies. Protein G has a lesser number of binding sites than
Protein A; Protein A has 4 binding sites, whereas Protein G only has 2 sites. Protein A and
Protein G do not have the same affinity for the same sources of Immunoglobin G (IgG),
the most abundant type of antibody, and they do not operate optimally at the same pH.
Although their affinities overlap, Protein A has a greater affinity for rabbit, pig, dog and
cat IgG whereas Protein G has greater affinity for human and mouse IgG

98

. Protein A

interaction is optimal at pH 8 to 9, whereas for Protein G, a pH range of 4 to 5 is optimal
99

. This discovery has led researchers to develop recombinant Protein A/G to increase the

efficiency of purification by binding more sources of IgG. Eliasson et al100. in 1988, first
reported producing chimeric Fc receptors that consisted of both the Protein A and Protein
G IgG-binding domains. The recombinant protein proved to be a very efficient reagent for
immunoassays because it retained the binding capacities of both Protein A and Protein G.
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Protein-conjugated nanoparticles such as, silica 101, silver 102, gold 103, 104, and iron magnetic
nanoparticle 105 have been used to detect and capture biomolecules for various diagnostic
and therapeutic applications. There are four main strategies for linking a protein to
nanoparticles 106. Firstly, when the particle surface and the protein are oppositely charged,
adsorption via electrostatic interaction can occur. It is the simplest method that requires no
chemical reactions to occur. Secondly, proteins can be immobilized through affinity
ligands. In this work, we have utilized a very well-known affinity pair, biotin-streptavidin,
to immobilize the recombinant Protein A/G on the nanoparticle surface for capturing
antibodies. Thirdly, proteins can recognize and specifically bind to small cofactor
molecules, and this can be used for protein immobilization. For example, Sun et al. used
PEGylated Protein G as a cofactor on gold nanoparticles to immobilize IgG on the particle
surface by binding to the Fc region 107. Finally, conjugation of proteins to the nanoparticle
surface could occur directly, such as, coupling a protein with gold nanoparticles via goldthiol chemistry 106, 108, 109.
In this work, silica nanoparticles were functionalized with amine groups via 3aminopropyltriethoxysilane (APTES). N-Hydroxysuccinimide (NHS) ester is a common
amine reactive group that is used to link many biomolecules to primary amine groups.
Biotin-NHS was used to covalently bind biotin to the primary amine groups present on the
silica nanoparticle surface. Streptavidin was then bound to the particles through the strong
non-covalent interaction of biotin-streptavidin. Streptavidin molecules have four biotin
binding sites. Finally, streptavidin bound biotinylated Protein A/G through strong noncovalent bond formation. The immobilized Protein A/G can thus capture antibodies from
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the serum by binding to the Fc region. The immobilization strategy is illustrated in Figure
7.

Figure 7: Schematic of the strategy of Protein A/G immobilization to the nonporous silica
nanoparticles (SNPs).
In conjugating proteins to surfaces (through physical adsorption, covalent binding or
complex formation), the orientation and accessibility of their binding site is critical to their
application. In the case of Protein A and Protein G, orientation of the proteins is an
important factor in capturing antibodies efficiently. Ensuring that the antibodies retain their
antigen binding capability after being purified from serums or cell cultures is another
crucial task. Passive adsorption of the antibodies causes a factor of five loss in antigen
binding capability when compared to antibodies purified by highly specific binding method
110

. Properly oriented immobilization of Protein A or Protein G on a suitable nanostructure

enables researchers to efficiently extract antibodies in a single step

111

. Due to the high

affinity Protein A and G have for IgG, this kind of purification yields high product purity.
In this work, we hypothesized that a biotin-streptavidin-biotin sandwich, such as the one
depicted in Figure 8, can be exploited to orient the Protein A/G in a suitable direction so
that maximum specific binding of antibodies from a serum/cell culture can be ensured.
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Figure 8: Biotin-streptavidin-biotin sandwich employed to immobilize Protein A/G
In this work, we report a versatile functionalization method for immobilizing recombinant
Protein A/G to silica using 270 nm nonporous silica nanoparticles. The particle surface was
first amine functionalized followed by biotinylation and addition of streptavidin.
Biotinylated Protein A/G was then bound to streptavidin and completed the biotinstreptavidin-biotin sandwich. According to our hypothesis, this sandwiching technique
would result in particles with properly oriented Protein A/G on the surface that is capable
of highly specific antibody capturing from a serum while retaining their antigen-binding
properties. Antibody binding studies were carried out with fluorescently labelled goat
antibodies. The specificity of the binding was examined in the presence of fluorescent
BSA, a model protein to investigate non-specific binding, in the antibody solution.
2.2 Materials and Methods
2.2.1 Materials
All items were purchased from VWR. 3-Aminopropyl-triethoxysilane (APTES),
fluorescamine, bovine serum albumin, Alexa Fluor® 594-conjugated AffiniPure Goat
Anti-Human IgG (Jackson ImmunoResearch Labs, Inc), ammonium hydroxide (NH4OH,
29-32 wt%), biotinylated Protein A/G (BioVision, >98%), dimethylformamide (DMF),
ethanol—200 proof, Cy-3 conjugated streptavidin, N-hydroxysuccinimide biotin ester
(NHS-Biotin, BioVision, >95%), phosphate buffer solution (PBS), Streptavidin, and
tetraethyl orthosilicate (TEOS).
2.2.2 Methods
Synthesis of nonporous silica nanoparticles
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Following the method of Bogush et al. 112, nonporous silica nanoparticles were synthesized
in an aqueous ethanol solution using TEOS as the silica precursor in the presence of
ammonium hydroxide. Specifically, 6.75 ml NH4OH (29-32 wt%) and 183 ml of ethanol
were mixed in 10 ml of DI water. While stirring this solution at room temperature, 7.6 ml
of TEOS was injected and the solution was stirred for 18 to 24 hours. The solution was
then centrifuged at 1700 rpm to separate the particles. The particles (denoted as SNPs)
were washed with water and ethanol 3 times each and dried at 80°C.
Particle characterization
Bare SNPs were characterized with scanning electron microscopy to determine particle
size and surface morphology. Particles were first dispersed on a carbon tape attached on a
15 mm aluminum stub. A FEI Helios Nanolab 660 instrument was employed for the
characterization and imaging.
Amine functionalization
Literature procedures for the condensation of 3-aminopropyltriethoxysilane (APTES) on
silica particles were adapted for this process

113-116

. 200 mg of bare SNPs were weighed

and dried in vacuum at 140°C and -30 mm Hg for 18 to 24 hr. After adding 25 ml of dry
ethanol to the dried particles, the dispersion was sonicated for 30 minutes or more till a
uniform particle dispersion was formed. In a nitrogen environment, 0.5 ml of APTES was
added while the solution was stirring vigorously. The mixture was then taken in a conical
flask and the opening was tightly sealed. The reaction mixture was allowed to stir for 18 to
24 hr in room temperature (20°C), then centrifuged and washed with dry ethanol. The
particles were then left to cure for 24 hr at 80°C. Next, 25 ml of dry ethanol was added to
the cured particles and left stirring again for 18 to 24 hr to get rid of excess or loosely
bound amine groups on the particle surface. Final amine functionalized particles (denoted
as SNPAs) were then recovered after centrifuging and washing three times with dry ethanol
and drying at 100°C for 24 hr.
Amine quantification
Quantification of the extent of functionalization by the amine groups was carried out using
a fluorescamine assay 117, 118. 30 mg of SNPA particles dissolved in 30 ml of 0.02 M NaOH
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solution until the particles were fully dissolved, usually between 8 to 12 hr, while
vigorously stirring at room temperature (around 20°C). 100 µl of this solution was mixed
with 1 ml of 1 mM fluorescamine in acetone and 2 ml of PBS. After extensively shaking
the mixture, 100 µl of it was taken out and put into a black flat-bottom UV-vis well plate
in triplicate. Similarly, a calibration curve was made by dissolving bare silica nanoparticles
(SNPs) in high pH solution as before and creating various known concentrations of APTES
with it (0.000001 up to 0.00002 g/ml). Then just as before, 100 µl of each concentration
was mixed with 1 ml of 1 mM fluorescamine in acetone and 2 ml of PBS. Measurements
were made at excitation and emission wavelengths of 366 and 480 nm, respectively.
Biotin functionalization
NHS-Biotin ester was covalently attached to the particles to biotinylate via the amine
group. The reactivity of the amine functional group on this compound favors slightly basic
medium so the pH of the system was maintained between 8.3-8.5 throughout the process
119, 120

. The N-hydroxysuccinimide ester is poorly soluble in aqueous solution so

dimethylformamide (DMF) was used to solubilize the biotin-NHS121. 3.74 mg of biotinNHS ester dissolved in 100µL of DMF, which was then combined with 20.18 mg SNPA
in 900 µL of pH 8.4 buffer. The mixture was shaken gently at 4°C for 24 hr, then
centrifuged and washed 3 times with pH 8.4 buffer solution. The particles (denoted as
SNPABs) were then stored at 1 mg/ml in phosphate buffer solution (PBS) at 4°C.
Zeta potential measurements of suspended nanoparticles
Dynamic Light Scattering was utilized to measure zeta potential of the particles bare SNPs,
amine-functionalized particle (SNPAs) and biotin-functionalized particles (SNPABs)
using an Anton-Paar Litesizer 500. 0.1 mg/ml of particles in PBS solution was sonicated
to make a homogenous suspension. The particles were analyzed in an inverted omega
shaped capillary tube called the Omega Cuvette. The inverted omega shape facilitated a
homogenous electric field within the measuring channel and guaranteed stable and
reproducible results.
Quantification of streptavidin binding capacity of the biotin-functionalized particles
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To verify the attachment of biotin to the particles and quantify the ability of SNPABs to
bind streptavidin, solution depletion experiments were conducted using fluorescently
labeled streptavidin. 200 µl of various concentrations of Cy-3 conjugated streptavidin were
added to 200 µl of 1 mg/ml SNPAB particles in PBS to achieve final concentrations of
0.01, 0.02, 0.04 and 0.08 mg/ml streptavidin in each solution. Each final sample contained
0.2 mg of SNPAB particles in 400 µl of varying concentrations of streptavidin solution.
For controls, the same concentrations (0.01, 0.02, 0.04 and 0.08 mg/ml) of Cy-3
streptavidin were made in PBS added to SNPA particles (not functionalized with biotin).
The samples with particles were then shaken at room temperature (20°C) for 2 hr. Samples
were then centrifuged at 6,000 rpm for 5 minutes and 100 microliters of the supernatant
was taken out and placed into a 96 well plate. Fluorescent intensity was measured via
Synergy MX-BioTek at excitation and emission wavelengths of 550 nm and 570 nm,
respectively.
Conjugation of streptavidin to silica particles
Streptavidin functionalization was generally carried out immediately after biotin
functionalization. 1 ml of 1 mg/ml SNPAB in PBS and 1 ml of 0.1 mg/ml streptavidin (not
fluorescently labelled) in PBS were mixed and the mixture was shaken at room temperature
(20°C) for 2 hr. The particles were then recovered by centrifuging at 6000 rpm for 5
minutes and washing 3 times with PBS. The particles were denoted as SNPABS.
Synthesis of Protein A/G functionalized particles
The vial of the lyophilized Recombinant Protein A/G was first centrifuged at 6000 rpm
before opening. Then the protein was reconstituted in DI water and gently shaken to make
a concentration of 5 mg/ml, which gave a clear solution.
1 ml of 0.1 mg/ml of biotinylated Protein A/G in PBS was added to 1 ml of 1 mg/ml
SNPABS in PBS. The solution was shaken gently for 2 hours at room temperature (20°C).
The particles were then centrifuged and washed with PBS to be used immediately or stored
at 4°C at a concentration of 1 mg/ml to be used later. The particles (denoted as SNPABSPAG) aggregated less when stored at 1 mg/ml or higher concentrations.
Quantifying antibody binding via solution depletion
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Alexa Fluor 594 conjugated goat anti-human IgG was employed as the model antibody to
quantify the binding capacity of the particles. 100 ul of 1 mg/ml SNPABS-PAG particles
were added to 125 ul of various concentrations of IgG so that the initial concentrations of
IgG in the solutions (Ci) were 0.007, 0.014, 0.028, 0.056 and 0.111 mg/ml. As a control
experiment, the same antibody concentrations were tested with SNPABS particles (lacking
Protein A/G functionalization).
The mixture was then covered to protect it from light and shaken gently at room
temperature for 2 hours. Each sample was then centrifuged at 6000 rpm for 5 minutes and
100 µl supernatant was taken out and put in the wells of a black flat-bottomed polystyrene
96-well plate in triplicate.
Quantifying antibody binding in the presence of BSA in the solution
100 ul of 1 mg/ml SNPABS-PAG was added to 125 ul of 3 concentrations of IgG (0.007,
0.028 and 0.111 mg/ml) with increasing concentrations of BSA (1:3, 1:6 and 1:12 molar
ratio of IgG : BSA) present in the solution. The purpose was to study the effect of nonspecific binding on the IgG uptake by the particles. The experimental design is summarized
in Table 1.
Table 1: Experimental plan for IgG uptake by SNPABS-PAG in the presence of BSA
IgG: BSA molar ratio
IgG (mg/ml)

1:3

1:6

1:12

BSA (mg/ml)
0.007

0.009

0.019

0.037

0.0278

0.036

0.072

0.144

0.111

0.144

0.289

0.578
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2.3 Results and discussions
2.3.1 Particle size determination
The bare silica nanoparticles were characterized by imaging using scanning electron
microscopy (SEM). One of the advantages of using Stöber method for synthesizing
nonporous silica nanoparticles is that the particle size can be tuned by changing the
concentration of the solvents and silica precursor 122. The particle sizes obtained from this
method ranged from 50 nmto 2 µm as measured by Stöber and coworkers50. As the solvent
to TEOS ratio increases, the particle size decreases, following a non-linear relationship.123
The rate of addition of TEOS is an important factor also. As studied by Nozawa et al., the
particle size decreased with an increase in the rate of addition of TEOS, thus enabling a
way to control particle size 124 125.
Bogush et al.112 studied the effect of ammonia and water concentration on particle size
while holding the TEOS concentration constant. For all TEOS concentrations studied (0.1
– 0.5 M), they found that with increasing water and ammonia concentrations, the particle
size first increased, reached a maximum, and then decreased again. Holding the TEOS
concentration constant at 0.17 M, the authors plotted the average diameter of the particles
against the concentration of water in the system for varying concentrations of ammonia
(0.5, 1, 2 and 3 M). The TEOS molarity in our reaction mixture was 0.16 M, with an
ammonia concentration of 0.8 M and a concentration of water of 2.5 M. Estimating from
the plot provided by Bogush and coworkers, we expected our particle size to be around
180-280 nm diameter size. From the SEM image in Figure 9, the diameter was measured
to be about 270 nm,
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Figure 9: SEM image of nonporous silica nanoparticles
2.3.2 Amine quantification
The amine content of the amine functionalized silica nanoparticles (SNPAs) was
determined through a fluorescamine assay. In short, a calibration curve was generated
using non-functionalized bare silica nanoparticles (SNP), which were dissolved in a highly
basic NaOH solution (0.02 M) at a concentration of 1 mg/ml. Known amounts of APTES
were then taken and added to the SNP and NaOH solution to make different concentrations
of APTES. To 100 µl of these various concentrations of APTES, 1 ml of fluorescamine in
acetone and 2 ml of PBS was added, which resulted in fluorescence. Fluorescamine reacts
with primary amines to create fluorescent products so the concentrations of APTES in the
sample directly related to the fluorescent signal generated. A calibration curve was
generated with these samples, as presented in Figure 10 The range of the calibration curve
spanned from 1×10-6 to 20×10-6 g/ml of APTES. SNPA particles were then dissolved in
0.02 M NaOH solutions at 1 mg/ml concentration and 100 µl of these samples were added
to 1 ml of fluorescamine in acetone and 2 ml of PBS. The resulting fluorescence was
measured (1131.33 ± 33.7) and the concentration of primary amines determined using the
calibration curve was 8.31×10-6 ± 4.2 ×10-7 g/ml. Since each APTES has one amine group,
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the amine quantity of the particles was calculated to be 0.0376± 0.002 mmol amine/ g
particles.
According to SEM images, the particles are spherical, non-porous and have a diameter of
about 270 nm. If the density of the silica nanoparticles is assumed to be about 2 g/cm3, the
surface area of the particles is about 11.11 m2/ g. The reported area of an amine group in
monolayer coverage is 50 Å2

117

, suggesting that SNPA had about 102% monolayer

coverage of amines. The extent of aminosilane grafting, the state of the grafted amines
(isolated/ layered/ branched or ladder type oligomers), and the uniformity depends on the
polarity of the solvent as well as the amount of trace water present during the hydrolysis.
For amine functionalization of the silica nanoparticles, dry ethanol was employed to carry
out APTES attachment. Ethanol provides better uniform layer-like coverage than a nonpolar solvent. Miranda et al126. found that for a silica substrate, carrying out APTES
deposition in ethanol led to 3 times larger deposition than treatment carried out in nonpolar solvent like toluene. The presence of significant amount of water produces crosslinked oligomeric structures, whereas non-hydrated surfaces tend to create isolated
tridentate aminosilane grafting. Our particles were dried in a vacuum oven to remove trace
amount of water prior to the amine functionalization procedure. APTES addition was also
carried out in a dry nitrogen environment with particles suspended in dry ethanol. Bauer et
al. observed that for a 1:74 (v/v) APTES/ ethanol mixture, the trace water present in
commercial ethanol was sufficient for aminosilane hydrolysis and build-up of ladder-like
siloxane structure

68

. The volume ratio of precursor to solvent in our case is 1:50 (v/v)

APTES/ ethanol. From these procedures, we expect mostly linear cross-linked and perhaps
a few ladder-like cross-linked oligomeric aminopropylsiloxanes on the particle surface 68.
This was consistent with the 102% monolayer coverage for SNPAs.
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Figure 10: Fluorescamine calibration curve for determining amine coverage of silica
nanoparticles (SNPAs) at gain 100.

2.3.3 Biotin addition to SNPA particles
NHS esters react with primary amines and form a stable amide bond119. NHS-biotin was
used to synthesize biotin conjugated particles (SNPABs), as shown in Figure 11. The NHSBiotin was first dissolved in dimethylformamide (DMF) and then added to the particle
suspension in pH 8.4 buffer. The buffer was used as the reaction is promoted in a pH of
8.3-8.5

120

. Solution depletion with streptavidin was carried out next to demonstrate

successful biotin conjugation.
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Figure 11: Covalent attachment of biotin to amine functionalized particles (SNPA)
2.3.4 Zeta potential measurement
Zeta potential measurements for SNPs, SNPAs, and SNPABs are summarized in Table 2.
The measurements help to interpret the effect of media and the presence of ions on the
colloidal stability of particles in solution. Positively charged particles penetrate biological
cells more easily as most cell membranes are negatively charged, but highly cationic
nanoparticles can rupture the membrane causing toxicity. The degree of agglomeration of
nanoparticles also depends on the charge density of the particle surface, which in turn is
affected by the solution conditions such as pH or ionic strength. Zeta potential, particularly
as a function of pH, can be used to infer information on the surface charge. Briefly,
particles with charged groups on the surface will attract counter ions when put into a
solution. Some counter ions will be very strongly and closely bound to the particle surface.
This region is known as the Stern layer. Some distance from this Stern layer exists an outer
layer of ions that is less firmly attached. The boundary of this outer layer is called the
slipping plane. Together, these two layers create what is known as the electrical double
layer. The electric potential between these two layers is known as the zeta potential.
Due to the existence of negative silanol groups on the silica nanoparticle surface, the
surface charge and, in turn, zeta potential should be negative. Addition of the positive
amine groups decreases the negative zeta potential value to some extent. When particles
with positive surface charge exist in a solution, increasing the pH of the medium means
introducing more negative ions, which would neutralize more of the positive charge of the
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particles and bring the zeta potential closer to zero. Adding acidic solution to the same
particles would have the opposite effect. Thus, there is no such thing as absolute zeta
potential as it is directly dependent on the pH. As our engineered particles are intended to
be used in a physiological environment, the zeta potential was measured in PBS, which
maintains a slightly basic pH (7.2-7.4).
The concentration of ions present in a solution affects the zeta potential of a particles since
the thickness of the electrical double layer is dependent on it. High concentrations of ions
compress the layer and decreases the absolute value of the zeta potential. For example,
Natte et al. have reported that the magnitude of the zeta potential of their SNPs decreased
from -35 mV in DI water to -22 mV in PBS because of the higher ionic strength of PBS127.
The zeta potential provides information about potential particle agglomeration. If the
absolute value of the zeta potential of charged particles is very high, the highly charged
particles in solution and repel each other. So, ultimately this repulsion stabilizes the
particles in the solution. The closer this absolute value is to zero, the more unstable the
colloidal particle suspension. As a general rule, if the measured zeta potential is in between
-30 mV and +30 mV, the particle suspension is unstable and prone to agglomeration.
Above +30 mV or below -30 mV, the particles are assumed to be highly charged and stable
in the solution128, 129.
The zeta potential of particles before and after the amine and biotin functionalization steps
were measured with Anton Paar Litesizer 500 and are summarized in Table 2. The bare
non-porous silica nanoparticles have a zeta potential of -21.2 ± 1.2 mV when suspended in
PBS (pH 7.4). Upon amine functionalization, the magnitude of the negative charge of the
particles decreased to -15.5 ± 0.8 mV but the overall charge remained negative. This is
because many of the amine groups on the particles are protonated. A similar trend can be
seen in literature where amine functionalization decreases the negative charge when zeta
potential is measured in DI water. For instance, Kardys et al. have reported a zeta potential
of bare silica nanoparticle to be -45 mV but when functionalized with amine groups, the
negative value of the zeta potential decreased to around -31 mV 130.
After amines, particles were subsequently functionalized with biotin. The zeta potential
measured for the biotinylated particles did not show any drastic change and they did not
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aggregate at the physiological pH of 7.4. This is consistent with the previous observations
made by Chauhan et al131. When comparing magnetic nanoparticles with or without a biotin
coating, the authors found that, at near physiological pH, the aggregation tendency of
particles is reduced when the biotin coating is present and the zeta potential value is slightly
negative.
Table 2: Zeta potential of nonporous silica nanoparticles in PBS, bare, amine
functionalized and biotinylated
Type of Particle
Mean Zeta Potential
in PBS

Bare SNP

SNPA

SNPAB

-21.2 ± 1.2mV

-15.5 ± 0.8mV

-16.3 ± 0.8mV

2.3.5 Streptavidin binding by SNPAB particles
Solution depletion with fluorescent streptavidin was carried out to study the amount of
streptavidin attachment to the particles and infer the effectiveness of biotin attachment. To
conduct solution depletion experiments via fluorescent spectroscopy, streptavidin tagged
with Cy-3 dye was chosen. Historically, TRITC (Tetramethylrhodamine) dye was
popularly used in combination with fluorescein isothiocyanate (FITC) to label proteins.
Cy-3 is a brighter, less prone to background noise, and more photostable alternative to
TRITC132. Cy-3 protein conjugates do not need any additional equipment to be visualized,
rather traditional TRITC filter settings can be used in all instruments132. A calibration
curve, depicted in Figure 12, was first constructed with different concentrations of the
labelled protein in PBS. For our case, the calibration curve had a range of 0.001563 to
0.01875 mg/ml. When protein concentrations were higher than 0.01 mg/ml, the solutions
were diluted to 1/8th of the original concentration to fit the calibration curve.
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Figure 12: Calibration curve of Cy-3 labelled streptavidin in PBS at Gain 100
To perform solution depletion experiments, biotin attached particles (SNPAB) were
exposed to different concentrations of fluorescently labelled streptavidin in PBS for 2 hr.
Two ranges of initial concentrations of the streptavidin were examined for measuring
uptake. For the lower range of concentrations (0.00125, 0.0025, 0.005 and 0.01 mg
streptavidin/ml PBS), the uptake is presented in Figure 13. Another initial concentration
range was slightly higher (0.01, 0.02, 0.04 and 0.08 mg streptavidin/ml PBS) and the
uptake in this range is presented in Figure 14. The decrease of fluorescence in the bulk
solution (relative to the initial solution) was measured via fluorescence spectroscopy and
was attributed to the adsorbed streptavidin on the particle surface. 133 Amine functionalized
particles (SNPA) were the negative controls for both ranges and they showed statistically
insignificant uptakes. The seemingly negative uptake values spurred from the systematic
error in measurement and also in sample dilution. The uptake of streptavidin by SNPAB
particles is an equilibrium process. The binding of streptavidin on the SNPAB particles
when exposed to the lower initial streptavidin concentrations (Figure 13) and the higher
initial concentrations (Figure 14) follow linear trends, suggesting that the measurements
are made below the maximum binding capacity for streptavidin on the particles. The
measurements at lower concentrations have increased uncertainty. The particles take up
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almost all of the streptavidin when exposed to such low streptavidin concentrations, leaving
low concentrations of tagged streptavidin left in the bulk solution to be measured.
However, the linear fashion of the uptake in both ranges indicates that even at the highest
initial concentration we have studied (0.08 mg streptavidin/ml PBS), we did not reach
saturation and the particles have the potential to take up much more streptavidin. This
demonstrates that our biotinylation of the particle surface is effective.
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Figure 13: Uptake of streptavidin via biotinylated particles (SNPAB) with amine
functionalized particles (SNPA) serving as the negative controls, for lower range of initial
concentrations of streptavidin (0.00125 to 0.01 mg/ml)
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Figure 14: Uptake of streptavidin via biotinylated particles (SNPAB) with amine
functionalized particles (SNPA) serving as the negative controls, for higher range of initial
concentrations of streptavidin (0.01 to 0.08 mg/ml). The concentration corresponding to
the loading of SNPABS particles is also depicted in yellow.
As discussed before, for attaching streptavidin to biotinylated particles (SNPAB) to make
SNPABS particles, a multilayer of streptavidin is not desired because that would render a
lot of the protein unavailable to the biotinylated Protein A/G. Conversely sparse attachment
of streptavidin on the particle surface would limit the ability to bind Protein A/G. An
optimized streptavidin coverage is thus preferred so that maximal binding of Protein A/G
can be achieved without being limited by steric hindrance from the streptavidin on the
particles. Assuming that the particles have a diameter of 270 nm, and that streptavidin is a
cubic structure of 5 nm × 5 nm × 5 nm, it was theoretically determined that ~ 40.6 mg
streptavidin / g particles would create a monolayer-like coverage. At an initial streptavidin
concentration of 0.05 mg/ml, the equilibrium concentration is approximately 0.031
streptavidin/ ml PBS and the corresponding equilibrium uptake was calculated to be 42.8
mg streptavidin/ g SNPABS particles. These were the conditions selected for streptavidin
loading of SNPABs to form SNPABS particles.

36

2.3.6 Biotinylated Protein A/G attachment to SNPABS particles
To the SNPABS particles, biotinylated Protein A/G was attached next. The recombinant
Protein A/G (~50 KDa) and streptavidin (55 KDa) are of similar size. Therefore, it was
unlikely that each streptavidin could bind to more than one biotinylated Protein A/G due
to the possible steric hindrance the Protein A/G might pose. Assuming 1:1 binding,
particles were also loaded at an initial Protein A/G concentration of 0.05 mg/ml PBS and
denoted as SNPABS-PAG. The actual Protein A/G loading was not directly measured.
Rather, successful functionalization was inferred through studying IgG uptake.
2.3.7 Antibody binding to SNPABS-PAG particles
Solution depletion experiments were carried out with fluorescently labelled Alexa Fluor
594 conjugated goat Anti-Human IgG in PBS and Protein A/G tagged particles (SNPABSPAG) to measure the capacity of particles to bind antibodies.
Calibration curves of IgG in PBS were obtained for two different concentrations regions
by changing the instruments gains (Figure 15; gain = 100 and Figure 16; gain = 75).
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Figure 15: Calibration curve of Alexa Fluor 594 conjugated IgG, Gain 100, lower range of
concentration (0 to 0.025 mg IgG/ml PBS)
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Figure 16: Calibration curve of Alexa Fluor 594 conjugated IgG, Gain 75, higher range of
concentration (0.025 to 0.125 mg IgG/ml PBS)
A solution depletion experiment with fluorescently labelled IgG and SNPABS-PAG
particles was then carried out. Concentrations of IgG were chosen to reflect a range where
both a linear and a plateau (saturated) relationship should be observed between equilibrium
concentration and IgG uptake by the Protein A/G attached particles.
The solution depletion was carried out with a particle concentration of 1 mg/ml. Initially,
a lower particle concentration was investigated (0.1 mg/ml), but a low density of particles
did not provide statistically significant measures of uptake with IgG concentrations above
initial concentrations of 0.007 mg IgG/ml because the particles became saturated. Since
IgG concentrations in various serums are usually much higher than that, particle
concentrations were fixed at 1 mg/ml in each sample to study the uptake in higher
concentrations (up to ~0.1 mg IgG /ml). Experimental data of amount of antibody adsorbed
to the particles (mg antibody/g particle) as a function of equilibrium concentration of
antibody (mg antibody/ml) within the sample was plotted and a Langmuir Isotherm
(equation 1) was fit to the data via nonlinear regression as can be seen in Figure 17.
qe =

𝑞𝑚𝑎𝑥 𝐾𝐴 𝐶𝑒

(1)

1+𝐾𝐴 𝐶𝑒
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The Langmuir isotherm describes the relationship between the equilibrium concentration
(Ce) of the analyte in solution and the uptake of the analyte by the particles at that
concentration (qe). KA provides valuable information about the affinity between adsorbate
and adsorption site and often referred to as the Langmuir constant. The higher the value of
KA, the stronger the affinity is between the adsorbate and the adsorbent. qmax is the

Eqbm uptake, qe (mg IgG/ g SNPABS-PAG)

maximum uptake capacity of the adsorbate.
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Figure 17: IgG uptake by SNPABS-PAG particles, and SNPABS particles as negative
controls
The Langmuir isotherm revealed that each g of particles had the ability to bind to 110 mg
of antibody (qmax is 110 mg IgG/ g SNPABS-PAG particles). The value of KA was
determined to be 403 ml/mg or 6.05×107 L/mol. The Langmuir constant KA here indicates
the extent of interaction between IgG and the Protein A/G functionalized nanoparticles. It
can be directly compared with literature values of equilibrium binding constants for IgG to
free Protein A or Protein G in solution which are 1.13 ×108 L/mol and 2.90×107 L/mol,
respectively134. The favorable comparison between reported literature values and KA
determined from our adsorption isotherm suggests that the Protein A/G is favorably
oriented that strongly binds to IgG. The value of KA also indicates that immobilization of
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the Protein A/G on the nanoparticle surface did not affect its capability to bind IgG. The
negligible IgG uptake by the negative control particles, the SNPABS, also provided proof
of successful Protein A/G attachment and high specificity of the particles.
Recombinant Protein A/G has six Fc binding domains, four from Protein A and two from
Protein G. Assuming the SNPABS-PAG particles have 42.8 mg streptavidin bound per
gram of particles and there is a 1:1 binding between streptavidin and Protein A/G, the
particles would have an IgG uptake capacity of about 700 mg/ g particles if all the Fc
binding sites are occupied. However, as discussed before, this is less likely as Protein A/G
would impose steric hindrance. So, a 1:1 binding ratio between IgG and Protein A/G is a
more rational estimate. Assuming each Protein A/G binds to one IgG molecule, then the
particles would have a maximum capacity of binding ~117 mg IgG/ g particles. From our
determined qmax of 110 mg IgG/ g particles, which is about 94% of the theoretical
maximum uptake, it is evident that antibody capture is highly efficient.
The SNPABS-PAG particles high antibody binding capacity suggests that the biotinylated
Protein A/G are correctly oriented and accessible on the particle surface. This was enabled
by use of the biotin-streptavidin-biotin sandwich. The amine groups were covalently bound
to the silica surface and biotin-NHS was covalently bound to the amine groups through
reaction with the NHS ester. The streptavidin and subsequent biotinylated Protein A/G
bound to the particle surface by non-covalent bonds strong enough to be compared with
covalent bonds. Our hypothesis is that the biotin-streptavidin-biotin sandwich oriented the
Protein A/G in a favorable direction that exposed most, if not all, of the Fc binding region
of Protein A/G to the bulk antibody solution.
Since biotin-streptavidin bond is one of the strongest non-covalent bonds found in nature,
they have been frequently exploited to link biomolecules. We have taken advantage of this
and demonstrated a novel system that could not only be used to purify antibodies, but also
could be employed to purify proteins, for instance. Any biotinylated affinity ligand could
be immobilized on the particles by interaction with the streptavidin present on the particles.
Effect of non-specific interactions on IgG uptake by SNPABS-PAG
In biological samples, there are possibilities of non-specific interaction that might interfere
with the targeted interactions. To study the effect of such interference on IgG uptake,
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another control experiment was carried out. SNPABS-PAG particles were employed to
capture antibodies in the presence of BSA. In this case the BSA served as the model protein
that may introduce non-specific binding, as shown in Figure 18.

Figure 18: Possible non-specific binding of BSA to SNPABS-PAG particles that might
inhibit IgG uptake
Three concentrations of IgG were chosen for this experiment. For each chosen molar
concentration of IgG, uptake in the presence of 3 times, 6 times and 12 times higher molar
concentration of BSA were studied. A control case where no BSA was present was also
studied. The detailed experimental design can be found in the methods section. The result
of this experiment is graphically presented in Figure 19 and also summarized in Table 3.
The presence of BSA had minimal effect the antibody uptake of the SNPABS-PAG
particles. Even when the BSA concentration was 12 times the molar concentration of
antibodies in the solution, the antibody uptake remained similar to the case where no BSA
was present. Measurements in the region of high concentration of both IgG and BSA were
characterized by large uncertainties. Some error may have also been introduced due to
dilutions carried out at these high concentrations.
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Figure 19: IgG uptake by SNPABS-PAG in the presence of different amounts of BSA in
the solution
Table 3: Antibody uptake by SNPABS-PAG particles in the presence of BSA. For each
concentration of IgG, uptake in the presence of 3-, 6- and 12-times higher molar
concentration of BSA were studied.
IgG: BSA
(Ratio of molar

1: 0 (no BSA)

1:3

1:6

1:12

concentration)

q (mg IgG/ g particles)
IgG (mg/ml)
0.007

15.33 ± 0.4

15.37 ± 0.2

14.81 ± 0.9

14.95 ± 0.9

0.0278

64.8 ± 1.8

57.75 ± 0.8

59.60 ± 2.7

59.76 ± 2.7

0.111

109.38 ± 8.6

107.30 ± 15.5

101.63 ± 19.5

107.97 ± 23.3
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Effect of streptavidin loading on IgG uptake
To determine whether the streptavidin loading affected the Protein A/G binding and
subsequently the IgG uptake, one set of SNPABS particles were synthesized with a higher
streptavidin loading. Particles were exposed to an initial streptavidin concentration of 0.15
mg/ml. The loading was determined to be 96.2 mg streptavidin/ g particles by carrying out
a solution depletion experiment with fluorescently labelled streptavidin. The biotinylated
Protein A/G was also loaded at an initial protein concentration of 0.15 mg/ml. These
particles were denoted as High-SNPABS-PAG. Solution depletion was carried out with
fluorescently labelled IgG and High-SNPABS-PAG particles and four different initial IgG
concentrations. The IgG uptake by the High-SNPABS-PAG particles (loaded with 96.2 mg
streptavidin/ g particles) were compared with the uptake by SNPABS-PAG particles
(loaded with 42.8 mg streptavidin/ g particles). The result is presented graphically in Figure
20 and summarized in Table 4.
Table 4: Antibody uptake of SNPABS-PAG particles with 42.8 mg streptavidin/g
SNPABPS (SNPABS-PAG) and 96.2 mg streptavidin/g SNPABPS (High-SNPABS-PAG)
Ci (Initial IgG

Ce (Equilibrium IgG

concentration

concentration

mg/ml)

mg/ml)

SNPABS-PAG

0.0076 ± 0.000016

0.0008 ± 0.000027

15.3 ± 0.4

High-SNPABS-PAG

0.0066 ± 0.0002

0.0006 ± 0.000027

13.4 ± 0.5

SNPABS-PAG

0.031 ± 0.0008

0.0019 ± 0.000006

64.8 ± 1.8

High-SNPABS-PAG

0.029 ±0.0013

0.0019 ± 0.00009

62.0 ± 3.2

SNPABS-PAG

0.053 ± 0.0024

0.014 ± 0.0007

87.5 ± 6.9

High-SNPABS-PAG

0.054 ±0.0017

0.018 ± 0.0002

81.6 ± 4.4

SNPABS-PAG

0.107 ± 0.0019

0.06 ± 0.0019

109.4 ± 8.7

High-SNPABS-PAG

0.114 ±0.0028

0.06 ± 0.0025

119.8 ± 9.9

Particles

qe (IgG uptake, mg
IgG/ g particles)

As evident from the uptake data reported in Table 4, the High-SNPABS particles did not
significantly increase IgG uptake. One possible explanation is that the High-SNPABS
particles have a multilayer (96.2 mg streptavidin/ g particles would correspond to 237% of
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monolayer coverage if streptavidin is assumed to have a dimension of 5 nm × 5 nm × 5
nm), where a significant amount of streptavidin might not be available to bind to
biotinylated Protein A/G. A densely packed protein layer on the surface may also lead to
crosslinking in the presence of biotinylated macromolecules135.
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Figure 20: Comparison of IgG uptake by SNPABS particles with different streptavidin
loading
However, the streptavidin multilayer formation on the particles is less likely to occur
without any biotin present. Another explanation is that the loading determined from the
solution depletion method using fluorescently labelled streptavidin included physiosorbed
streptavidin. When actually synthesizing the High-SNPABS, particles were washed 3 times
with PBS which provides ample opportunity for the physisorbed streptavidin to detach
from the particles and wash away. It is possible that ultimately the streptavidin particles
with “higher” loading had similar streptavidin loading and subsequent Protein A/G loading
as the original particles. A further experiment employing fluorescently labelled
streptavidin to determine the extent of any physiosorbed streptavidin detaching with each
wash can be proposed to be carried out in the future.

44

2.3.8 Comparison of our functionalized nanoparticles for purifying antibodies to existing
methods in literature
Antibodies are currently one of the most sought-after biomarkers and therapeutics. Among
different methods to purify antibody out of serums or cell cultures, affinity chromatography
is considered to be the current benchmark. Protein A, Protein G are the two most used
proteins for such chromatography although Protein L based affinity chromatography is
also applicable in many cases depending on the kind of antibody. In Protein A based
affinity chromatography, the protein is chemically immobilized through formation of
covalent bond on a solid support. When a serum containing antibodies is passed over the
support, the immobilized protein A binds the antibodies while the rest of the serum passes
over without any interaction with the solid support. Later, the bound molecules are stripped
from the support by introducing highly acidic solutions to produce purified antibodies.
Some of the popular commercially available chromatography media are MabSelect SuRe
from Cytiva and IgSelect from GE healthcare that have average particle size of 50 and 75
µm, respectively. Smaller particles are also commercially available such as
superparamagnetic Dynabead® Protein A. Dynabead has been adapted by many industries
because the 2.8 µm beads increase the volume to surface area ratio that ultimately leads to
much higher antibody yield (for example, 8 mg IgG/ g Dynabead® Protein A

94

).

Nanoparticles, especially porous ones, would provide a much higher surface area to volume
ratio but it is not possible to use such small particles in a packed column setting as there
would be very large pressure drop. However, for applications such as nanoharvesting, or
employing the captured biomolecules for diagnostic purposes, nanoparticles prove to be
very advantageous. Properly oriented affinity ligand functionalized nanoparticles are thus
preferred for such applications.
The efforts of the researchers to efficiently use nanoparticles to isolate biomolecules from
complex biological samples can be categorized in the ways they are attempting
optimization. One parameter to optimize is the processing time; the conjugated affinity
ligand and the antibody pair must form and be separated out of the sample serum in as little
time as possible to minimize processing time. Another parameter is the proper orientation
of the affinity ligand on the solid support. This is of particular interest to maximize amount
of captured analyte in a single cycle. There are many strategies to improve the orientation
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such as use of DNA, Fc binding aptamers or peptides, biotin-streptavidin-biotin bridge and
many more136. Not all are within the scope of this work so only affinity proteins and their
orientation strategies onto silica particles are discussed here.
Genetically modified proteins can be easily immobilized of a solid support with proper
alignment. For example, Kim et al94. and Lee et al137. have demonstrated such techniques
to purify antibody that are quite comparable. Both groups employed genetically modified
cysteine tagged Protein A or Protein G respectively to cover the substrate of their choice.
Kim and coworkers used chlorophenylsilane (CPTMS) functionalized silica coated
magnetic nanoparticles. At pH 6, the thiol group of cysteine specifically reacts with
CPTMS to bind and orients Protein A in a favorable way. The authors achieved about 60
mg IgG/ g particles, which is almost 7 times higher than traditional Dynabeads. The IgG
to affinity protein (Protein A in this case) molar binding ratio was found to be 0.24. Lee
and coworker exploited the specific gold-thiol interaction by using cysteine tagged Protein
G at the N terminus. The IgG to affinity protein (Protein G in this case) molar binding ratio
was found to be 0.19. In both cases, Kim et al94. and Lee et al137. benefitted from the large
surface area to volume ratio by using small particles (20 nm and 40 nm, respectively) and
in both cases the thiol of the cysteine helped make a well oriented protein coverage. Lee et
al137. made another important discovery while comparing the protein G binding with or
without the cysteine tag present. On a flat gold substrate, similar amounts of Protein G
bound regardless of the presence of the tag, although the tagged proteins created a better
oriented coverage and ultimately captured more antibodies. However, on a gold
nanoparticle, the tagged protein attachment was about 6 times higher than the non-tagged
proteins. So, use of nanoparticles compared to flat substrates is more fruitful for
purification of antibodies. The drawback of such cysteine tagged proteins was that this
extended the processing further. pH is another parameter that has to be controlled carefully
so that the Protein A or G are not above their isoelectric point, which would cause repulsion
towards the nanoparticles, as observed by Kim and coworkers94.
Magnetic solid supports can help reduce processing time since an external magnetic field
can easily separate nanoparticles in solution. Due to these advantages during purification,
magnetic particles with some sort of coating (such as gold, polymer or silica) have been
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thoroughly investigated. Salimi et al138. studied glutaraldehyde activated magnetic silica
microparticles (~6.5 µm) with a bimodal pore size distribution. Protein A and Protein A/G
were immobilized onto the particle surface through covalent linking with the
glutaraldehyde. Both mesopores and macropores were present and offered their distinct set
of advantages. The large surface area resulting due to the presence of mesopores, increased
ligand loading and target antibody purification. The macropores on the other hand, helped
overcome the resistance faced during the intraparticle diffusion of the larger sized affinity
protein-antibody conjugate. Although the authors were able to reduce the separation time
significantly, the use of such a large particle meant low surface area to volume ratio. They
also did not take significant measures to ensure that the proteins are properly oriented for
maximum uptake of IgG from the sample serum. The IgG uptake measured in their case
was 30 mg/ g particles only. The IgG to affinity protein (Protein G in this case) molar
binding ratio was found to be 2.2.
Other examples of magnetic particles in purification of antibodies were demonstrated by
Weerasuriya et al139. and Borlido et al140. None of these two groups used actual affinity
proteins to capture the antibodies, rather, they took advantage of other factors. Borlido and
coworkers coated their magnetic nanoparticles with a smart stimuli responsive polymer
(PMMA-P(NIPAM-co-AA)) and were able to control the polarity and the hydrophilicity
and then proceeded to purify Human IgG from CHO cell culture. At pH 6, the antibodies
in the culture medium are strongly positively charged (due to their high isoelectric point)
compared to the rest of the culture components and negatively charged polymer coated
nanoparticles could then be used to purify antibodies simply relying on the charge
interactions. This method requires that the antibodies are more positively charged than the
impurities, which is why pH plays such an important role here. The authors achieved a
product yield of 44 mg monoclonal IgG/ g particles. Weerasuriya et al. 139 also avoided the
use of affinity proteins in capturing antibodies. On core-shell magnetic nanoparticles
coated with silica, the authors first attached the IgG of their choice in a stem-down manner
(Fab side away from the particle surface). A thin layer of polymer was then created on top
of the particles. When the IgG was removed, it left a ‘nanopocket’ on the polymer layer.
Such nanopockets successfully mimicked a Protein A binding site because the polymer
self-assembled around the IgG and the amines, hydroxyl groups, benzyl and propyl groups
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present in the monomer facilitated the necessary interactions observed in a Protein A- IgG
bond. The uptake of antibodies varied depending on the type of IgG. The highest uptake
was observed for Human IgG1 (84.5 mg IgG/ g particles).
There are other strategies researchers have adopted to ensure proper orientation of the
affinity proteins. For example, Johnson et al added a hexahistidine tag at the C-terminus of
a truncated version of protein A to orient the Fc binding site away from the NTA-modified
surface it was immobilized on 141. Schmid et al. have reported usage of dithiobisuccinimide
propionate (DSP)-modified gold as the linker for Protein A immobilization 142. Jung et al.
worked on creating DNA coupled Protein G to show that this conjugation aided in proper
orientation of antibody bound143. A cysteine terminated Protein G was coupled to amine
functionalized DNA. The authors demonstrated that these Protein G conjugated to DNA
worked better than any other method of self-oriented Protein G in binding antibody or
antigen. They also demonstrated the possibility of a highly sensitive immunosensor for
Protein G-DNA conjugate immobilized onto gold nanoparticles. DNA-directed
immobilization methods are robust, stable and, when applied in immunoassay systems,
result in rapid tests. Leidner et al.144 further advanced this discovery. They employed an
amine functionalized DNA strand to first bind to silica nanoparticle surface, which they
then coupled to a single DNA strand conjugated protein. This protein orientation strategy
proved to be very powerful and more effective than other methods of chemically coupling
the protein on the particle surface.
The silica nanoparticles functionalized with Protein A/G makes use of the simple yet very
well-known biotin-streptavidin-biotin bridge. Without genetic modifications, the Protein
A/G was able to bind to comparable amounts of IgG to other methods in literature solely
due to the proper orientation of the protein. Proper orientation of the affinity ligand is a
desired quality in biosensors also, and biomolecules such as proteins can be easily
biotinylated. The particles are versatile in a sense that can not only be used in biosensors,
but also for purifying other types of biomolecules such as proteins, aptamers and so on.
The high surface area to volume ratio of the small silica nanoparticles give rise to better
loading of the ligands compared to other larger beads. Since the biotin-streptavidin-biotin
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bond is resistant to most pH or temperature change, these do not need to be strictly
controlled in the system.
2.4 Conclusion
A novel recombinant Protein A/G functionalized silica nanoparticles of approximately 270
nm have been synthesized. The proper orientation of the affinity ligand on the particle
surface led to the particles capturing about 110 mg IgG/ g particles. Particles without the
affinity ligand on the surface were studied as the negative control case and they did not
capture any antibodies. The SNPABS-PAG particles were also employed in IgG
purification from a solution with an excess of BSA serving as the model impurity. The
presence of BSA did not affect the antibody uptake. Thus, we have successfully created
highly specific particles capable of large uptake of antibodies through specific binding
events. This technology of creating a simple biotin-streptavidin-biotin sandwich to orient
affinity ligands in a proper way so that most of the ligands are accessible to the target
biomolecule, can be used in various applications. Particles functionalized as such can aid
in diagnostics and various nanoharvesting applications. This is discussed in more detail in
the next chapter.
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Chapter 3: Functionalized silica nanoparticles in diagnostics and
sensing

In the previous chapter we have discussed the applicability of our engineered proteinfunctionalized silica nanoparticles in purifying antibodies or other biomolecules such as
proteins. This technology can be used to load antibody onto particles and use them as
probes in biosensors as well. Appropriately functionalized nanoparticles could be
employed to harvest desired antibodies from cell cultures without the need for further
purification steps. Antibody bound nanoparticles could then be used in detection
applications or for studying immune responses due to the presence of the antibody.
Antibody functionalized silica nanoparticles have been used in nanoparticle enhanced
assays such as ELISA, FLISA, in QCM (Quartz Crystal Microbalance), SPR (Surface
Plasmon Resonance) and many more. This chapter reviews the current technology
available in nanoparticle enabled enzyme linked, fluorescent or electrochemical
immunoassays. Existing challenges and future of the field are also discussed briefly. Lastly,
the impact and potential of our engineered particles are summarized.
3.1 Enzyme loaded silica nanoparticles
First demonstrated by Engvall and Perlmann145, for more than 50 years, enzyme linked
immunoassays were the most common biological assays to detect the target analyte in a
complex biological sample146, 147. ELISA methods based on immobilization of an antigen
to be detected can be classified as either Direct and Indirect ELISA. In Direct ELISA, the
antigen to be recognized is first immobilized on a solid substrate followed by the antibody
(known as the primary antibody) specific to the antigen which has an enzyme tag. Indirect
ELISA also has the antigen immobilized first, followed by a primary antibody. Then a
secondary antibody conjugated with enzyme binds to the primary antibody. However, the
most commonly used type of ELISA is sandwich ELISA which can be either direct or
indirect. Sandwich ELISA starts out by immobilizing an antibody on the solid substrate.
This antibody is referred to as the primary capture antibody as it captures the target antigen
once a sample containing said antigen is introduced to the system. In direct sandwich
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ELISA, once the antigen has been captured, an enzyme conjugated primary detection
antibody binds to the antigen and completes the sandwich. This primary detection antibody
may or may not be the same as the primary capture antibody depending on the type of
antigen being captured148. For indirect sandwich ELISA, after the primary capture
antibody, the antigen and the primary detection antibody have made the sandwich, a
secondary antibody is introduced that binds to the primary detection antibody. In this case
the secondary antibody is the one conjugated with an enzyme.
Depending on the type of analyte and its availability in the sample, a certain type of ELISA
is chosen. The goal of any type of immunoassay is to measure the amount of target analyte
present (quantitative assay) or just to detect it in the case of qualitative assay.
Although traditional enzyme linked immunoassays are still the benchmark for analytical
laboratories, the multiple wash steps, fear of cross reactivity and high background noise
have driven scientists to invent more reliable assays.147,

149, 150

Nanoparticle enhanced

ELISA is a huge field currently being explored. Among the various nanoparticles being
tested (such as gold, silver, iron oxide etc.), silica nanoparticles have managed to gain wide
attention due to many favorable characteristics they possess, such as large surface area,
controllable pore size and structure, and ease of functionalization of the surface. Porous
silica nanoparticles can thus be loaded with a large amount of enzyme. So, such
immunoassay would produce a larger signal (usually color change) due to having more
enzyme per immuno-sandwich complex and drastically lower the limit of detection. A
general strategy of nanoparticle enhanced direct sandwich ELISA is shown in Figure 21
The primary capture antibody immobilized on a solid surface first captures the target
antigen from the sample. The primary detection antibody, conjugated to the nanoparticle
binds to the antigen and completes the sandwich. The signal from the enzyme-loaded
nanoparticles could then be measured to get quantitative data after adding the enzyme
substrate.
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Figure 21: General strategy of enzyme loaded nanoparticle enhanced immunoassays

Gold nanoparticles were first explored for such application by Cui and coworkers151. An
electrochemical immunosensor was developed by self-assembling gold nanoparticles and
carbon nanotubes on a glass carbon electrode. The primary antibody was then introduced,
followed by the sample containing the antigen of interest. Finally, gold nanoparticles
(GNP) with covalently attached secondary antibody and Horseradish Peroxidase (HRP),
were added to the system. The secondary antibody present on the GNP bound to the antigen
and completed the sandwich. Due to the inherent characteristics of nanoparticles, such as
large surface area and other favorable chemical properties, optimally immobilized enzyme
performs better than free enzymes. Immobilized enzyme becomes stable in a wider
temperature and pH range and they are more reusable. The authors were able to
demonstrate that not only the gold nanoparticles enabled a signal amplification due to
higher amount of enzyme loading, but also the antibody attached particles showed reduced
non-specific binding compared to free antibodies as it was easier to wash away
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nonspecifically bound enzymes or particles. When gold nanoparticle was bound to the HRP
and secondary antibody, the limit of detection improved 9 times compared to the case
without any gold nanoparticles (compare 0.04 ng/ml limit of detection of human
immunoglobulin G (HIgG) with gold nanoparticles (GNP) to 0.35 ng/ml without the GNP).
The sensor was then employed to determine HIgG level in human serum and gave
comparable results with traditional ELISA.
Following the success of Cui and coworkers, Wu et al152. attempted to achieve similar
results with silica nanoparticles instead of gold. The authors realized that to develop an
immunosensor based on functionalized nanoparticles, consistency in the results must be
ensured. So most, if not all, of the particles need to be loaded with the same amount of
antibody and enzyme so that each binding event can produce the same signal intensity.
Carefully controlling the particle size thus became mandatory and the authors followed a
synthesis protocol known as seed-particle growth to synthesize silica nanoparticles about
100 nm in size.
An important takeaway from Wu and coworkers was the fact that nanostructures need to
have large enough surface area to be loaded with enzymes or other affinity ligands.
Conversely, they also need to be small enough so that they can be stable in suspension
because it is necessary to form the desired immunocomplex through diffusion. A narrow
particle size distribution is required to maintain so that a consistent amount of HRP can be
loaded onto most of the particles. In the reported work, the authors used particles of about
100 nm in size and were able to detect a lowest AFP concentration of 0.01 ng/ml, which
was 100 times lower than traditional sandwich immunoassay.
It became clear that some sort of porous structure would help in achieving an optimized
system that. So, Piao and coworkers153 chose mesocellular foam (MCF) silica as their form
of nanostructure and immobilized enzyme on them to make nanoscale enzyme reactors or
NERs. The mesocellular silica foams had connecting pores inside the structure (25.5 nm)
that were larger than the pores that acted as a window between the silica and the bulk
solution (diameter 11.8 nm). The authors immobilized the enzyme molecules inside the
mesocellular foam and then crosslinked them so that they would not be able to leach out
of the pores through various steps during the immunoassay. Such a ship-in-a-bottle
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approach protected the enzyme molecules from the outside environment and maximized
the signal attributed to each affinity ligand-analyte recognition event. When traditional
ELISA and NER-LISA both were employed to detect Human IgG present at a
concentration of 10 μg/ml, the NER-LISA generated 20 times higher signal than
conventional ELISA.
Eum and coworkers154 realized a possible disadvantage of such NER-LISA systems. The
irregular silica particles that Piao and coworkers used have a high chance of inhibiting
antibody-target analyte interaction because the antibodies attached on the concave surfaces
of the MCF silica may not reach the analytes due to steric hindrance. Spherical mesoporous
silica could perform much better in the same situation without having the downfall of
inhibiting the antibodies. Their hypothesis proved to be true, and the limit of detection was
20 times lower than conventional ELISA as well as NER-LISA using irregular mesoporous
silica particles. However, the results reported should be viewed with some skepticism since
the authors were unable to reproduce the LOD enhancement reported by Piao et al.
More recently, Wang et al.155 explored center-radial dendritic mesoporous silica
nanoparticles to entrap HRP. Dendritic mesoporous silica nanoparticles have a few
characteristics to set them aside from other mesoporous silica. For instance, the pore
openings of the dendritic MSNPs are larger than the overall pore size, the pore size
distribution gets wider when particle size is increased whereas regular MSNP show
narrower pore size distribution with increasing particle size156. The particles used by Wang
et al. were about 110 nm in size with large pores (~6.6 nm). HRP molecules have long and
short axes of 6.4 and 3.7 nm respectively and so the large pore channels helped in
adsorption of the enzyme, resulting in 3.6 times higher loading compared to nonporous
silica nanoparticles. The weak interaction between the particle surface and the enzyme
molecules and fear of leaching out enzyme were sources of concern for the authors, so they
generated poly glutamic acid (PGA) and polylysine (PL) multilayers on the particles after
enzyme loading. The multilayers encapsulated the enzymes and prevented leaching.
Generating such multilayers on the particle surface also stabilized the enzyme inside the
pores which was vital to ensure its activity. As a result, the sensitivity was increased 104
times compared to traditional ELISA and yielded a LOD as low as 0.67 fM.
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As discussed previously, enzyme-loaded nanoparticles offer great signal amplification
since they can loaded with a large amount of enzyme. So more colorimetric signal is
generated for each recognition event157. The enzymes are protected inside the porous
channels which is an added benefit158. However, enzyme based detection is strongly
dependent on the stability of the enzyme and accessibility of the active sites of the
molecules, otherwise addition of substrate would not generate the desired amount of signal.
Often, the low detection sensitivity of ELISA is a major disadvantage159. Another issue to
consider is whether or not the substrate (such as H2O2) added for the enzyme harms the
functional groups on the particles and reduces the usability of the assay overall. Also,
ELISA is in general quite an expensive procedure due to the use of purified enzymes and
antibodies, and it also has high reagent consumption160. There are other alternatives to
ELISA being studied to overcome its shortcomings, such as fluorescent dye doped
nanoparticles that are discussed in the next section.
3.2 Fluorescently labelled silica nanoparticles
Issues with enzyme stability and multiple wash steps during immunoassays have led
scientists to explore other kinds of immunoassays and fluorescence-based immunoassays
or FLISA is one such area. However, researchers once again faced disadvantages such as
photobleaching, fluorescence quenching or reduced brightness or high background
signals161, 162. To build more efficient and highly fluorescent probes, scientists focused on
protecting the dye molecules during the assay and quickly found that nanoparticles could
achieve that by protecting the dye inside the matrix.
Over the years, scientists have attempted to exploit fluorescently labelled nanostructures
in point-of-care diagnostic assays. Quantum dots and gold nanoparticles have been favored
in many colorimetric or fluorescence assays. Depending on the diameters, quantum dots
can be excited at a single wavelength, but would have different emission wavelengths
which makes them feasible to be used in simultaneous detection of multiple IgG or
proteins163. Quantum dots (QD) or fluorescent latex particles were among the first few to
be considered in fluorescence immunoassay and have been studied extensively.
Fluorescent latex particles are loaded with organic dyes and one of the common problems
they pose is photobleaching after a certain number of fluorescence cycles. On the other
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hand, QDs are photostable and do not photobleach easily . Quantum dots mostly have
higher thermal stability compared to organic dyes164. Their longer fluorescence lifetime
(10-100 ns) compared to organic dye (1-10 ns) render them preferable for many
applications such as discriminating signal from cellular autofluorescence, which is
important in bioimaging164, 165. QDs have large Stokes shift and compared to organic dyes,
and their brightness can be 10-20 times higher166.
However, challenges such as poor dispersability in aqueous solutions, high toxicity,
blinking, dark dots, variation in emission spectrum, uncertainty in fluorescence lifetime
etc. have rendered many quantum dots unsuitable for immunoassay-type applications167170

. Gold nanoparticles are another popular choice. The particles absorb strongly in the

UV-Vis region as well as the NIR (Near Infrared) region. The particles also have unique
optical properties because the color of the nanoparticle solution depends on the
interparticle distance. When these particles aggregate, a large color change is observed.
This is why they have been extensively researched for usage in portable immunoassays
because the color change can be observed by the naked eye. However, reproducibility of
the test results has proved to be strongly dependent on the testing environment. For
example, several conventional lateral flow assay (LFA) based on antibody conjugated gold
nanoparticles were developed for detecting Zika virus and dengue fever171. Unfortunately,
in tropical and subtropical regions where these diseases are most common, the performance
of the LFAs were hampered due to the elevated temperature of the region171.
Due to the surface reactivity of silica nanoparticles, they seemed well suited for attaching
organic dyes. In 1992, van Blaaderen and Vrij172 published the first report of covalently
attaching FITC to amine functionalized silica nanoparticles by creating a thiourea bond.
The attached dye molecules retained their photostability and uniformly labelled particles
were produced.
As mentioned before, the silica matrix can protect the dye from the outside environment
and since the report of a method for covalent attachment of FITC to the silica nanoparticles,
many approaches have been explored in using dye doped silica nanoparticles in
immunoassays. Tapec et al. provided one of the earlier examples of Rhodamine 6G doped
silica nanoparticles in immunosensor application173. Sardesai et al.174 reported the use of
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[Ru(bpy)3]2+ doped silica nanoparticles along with carbon nanotube forests in an ECL
(electrochemiluminescence) immunosensor for detecting prostate specific antigen as the
model biomarker. The reason for choosing silica nanoparticles is that each particle can trap
thousands of [Ru(bpy)3]2+ and cause a large signal. Furthermore, functionalizing the
particle surface does not interfere with the ECL signal. Another good example of an
immunoassay based on dye doped silica nanoparticles was demonstrated by Sun and
coworkers175. They synthesized Reactive Blue 14 doped silica nanoparticles through an
inverse microemulsion method. The outer surface of the particles was functionalized with
antibodies. These particles and antibody-attached magnetic nanoparticles created an
immunocomplex in the presence of the target analyte (pathogenic bacteria Salmonella
pullorum and Salmonella gallinarum as model analytes). The particles were bright and
showed uniform dispersion, had narrow particle size distribution and were stable for up to
90 days. Environmental change such as pH did not affect the stability of the particles.
Detection was confirmed through naked-eye observation, but quantitative result could also
be obtained using a spectrometer. The assay was fast, sensitive, specific, and successfully
demonstrated the potential of bright fluorescent silica nanoparticles in POC (Point-of-care)
diagnostics. Bamrungsap and coworkers176 also demonstrated the use of dye-doped silica
nanoparticles by developing a LFIA (Lateral Flow Immunoassay) to detect influenza A
antigen. The dye of choice was Cy5, a widely used dye in biological imaging and sensing
applications because of its inherent characteristic of producing low background noise.
However, the dye is notorious for photobleaching and biodegradation in the presence of
ozone and/or high protein concentration. By entrapping the dye inside the matrix of the
silica nanoparticles, such degradation could be prevented. A modified Stöber method was
used to create the particles that showed higher photostability compared to the free dye
molecule and could detect the target analyte at very low concentration, unlike the widely
used gold nanoparticles. Their model target analyte was the nucleoprotein of the influenza
A virion and their developed LFIA was able to detect 250 ng/ml of this with just 100 µl of
sample volume. Compared to gold nanoparticle enabled commercial Influenza A test, the
authors achieved 8 times better sensitivity.
It was quickly proven that dye doped silica nanoparticles overcome most of the
disadvantages otherwise faced with free dye molecules. Unfortunately, overloading the
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silica nanoparticles could lead to fluorescence quenching through the phenomenon known
widely as FRET (Förster resonance energy transfer). Essentially, for two dye molecules
closely entrapped (less than 10 nm distance between them) when the first fluorophore
(donor) is excited and comes back to its ground state, the emitted energy excites another
nearby fluorophore (acceptor) which may emit this energy or completely absorb it.
Depending on the type of acceptor fluorophore and the distance between the donor and the
acceptor, the final emission signal might be weaker than what was expected.

So,

developing dye-doped silica nanoparticle-based detection systems meant investing time
and effort into maximizing the dye entrapped without observing self-quenching.
Nooney and coworkers177 opted for a dissolution approach in their immunoassay. Cy5
loaded silica nanoparticles were used to detect C-reactive protein in a fluorescent
nanoparticle-based ELISA. The novelty of the assay came from dissolving the
nanoparticles with a high pH solution after the recognition and binding event was complete.
By doing so, all the dye molecules that were encapsulated within the silica matrix and were
partially self-quenched came out into the solution. Upon dissolution, sensitivity was further
increased 128% . Moore et al.178 also saw this as an opportunity to make biosensors even
more sensitive. They intentionally overloaded their particles with FITC and 60 minutes
after dissolution, they were able to observe more than 10-fold improvement in signal
intensity and signal-to-noise ratio compared to the system before dissolution. A general
strategy of dissolution based immunoassay in shown in Figure 22.
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Figure 22: General strategy of dissolution immunoassays with dye-loaded particles
The introduction of electrochemiluminescence based immunoassays has helped address the
ever-growing need for biosensors to detect the smallest number of analytes with high
selectivity and low signal-to-noise ratio. The most common ECL assays are based on trin-propylamine (TPrA) that acts as the reductant and ([Ru(bpy)3]2+) dye that acts as the
luminophore. When voltage is applied to the system, both species are excited. The
Ruthenium dye in transformed to a more oxidized state (+3) but the excited TPrA reduces
it back to its base state (+2). The energy emitted by the Ruthenium ion in the process, gives
off the fluorescence signal. ECL assays thus produce very low noise signals since there is
no fixed light source to produce any background noise. ECL assays can be made even more
sensitive if the luminophore can be stabilized by entrapping inside a nanoparticle matrix
such as silica. In a very recent study, Zanut et al179. conducted extensive research on the
use of dye doped silica nanoparticle to replace traditional luminophores. Scientists had
been using dye doped nanoparticles for increased stability of the dye inside the particle
matrix, but Zanut and coworkers revealed that proper tailoring of the particles is mandatory
for maximum sensitivity. Particles must be large enough to hold as much dye as possible,
but the particle size cannot be too large as the reductant radicals may not be able to diffuse
through the matrix fast enough. The particle surface also must be suitably functionalized
so that colloidal stability is not compromised in solution. The majority of the dye-doped
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silica NPs studied for ECL generation in the literature were obtained with using PluronicF127 surfactant through a direct micelle-assisted method. However,

Zanut and

coworkers179 opted for a reverse microemulsion method and investigated two different
nonionic surfactants in the process, Triton X-100 and Igepal CO-520, to see which one
offered better control over particle size and desirable surface properties. The authors
utilized particles of about 150 nm diameter for their application. They found that they could
achieve greater ECL emission with particles synthesized with Triton partly because of
higher dye doping degree achieved. More importantly, the particles synthesized with Igepal
were found to have slightly higher positive zeta potential, which was found to be
detrimental to the ECL emission from previous work180, possibly because the positive
particles and co-reactant cationic intermediates in the sample repel each other. The particles
synthesized with Triton however, were found to have a zeta potential close to zero when
measured in aqueous media. Following this work, even more recently, Xiao et al.181 have
carried out promising studies on using mesoporous silica to control ECL quenching to
improve the sensitivity further. The limit of detection they achieved for IgG in human
serum was about 36 pg/ml which is comparable to other methods reported in literature 182184

Their studies revealed that MSNPs can successfully be used to tune the range of

detection for biosensors which can heavily influence the future of immunoassay
technology.
The source of fluorescence may not be dye in all cases. Aggregation based emission is also
a popular and a serious contender to consider when working on improving biosensor
performance. Meng and coworkers demonstrated the use of Aggregation Induced Emission
(AIE) based sensor by developing a novel tetraphenylethylene based probe (TPE-C4-4).
When enough of these probes are incorporated into silica nanoparticle matrix, they
aggregate and strong fluorescence signal is produced. The probes helped detect human
epididymis protein 4 (HE4) which is present in a very low concentration. If low
concentrations of HE4 can be detected, ovarian cancer can be averted in a very early stage.
Compared to other reported methods for HE4 sensing, this work was comparable to other
reported methods in literature. For example, HE4 detection limit through electrochemical
biosensor, chemiluminescence immunoassay, colorimetric measurement and plasmon
resonance method were 48.4 nM185, 1.35 pM186, 8.4 nM187 and 4 pM188 respectively,
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whereas Ming and coworkers reported a detection limit of 40 pM. Silica encapsulation of
the dye aggregates prevents the dye from leakage while also promoting colloidal stability
for a long time189.
Xia et al.190 demonstrated another way of employing fluorescence immunoassays by
developing fluorescent porous silica nanoparticles with covalently bound Europium
chelates. The lanthanide labels have inherent large stokes shift which greatly helps in
reducing any background noise and thus can improve sensitivity. The particles were then
used in a lateral flow immunoassay, hoping to replace gold nanoparticles. LFIA is a popular
form of immunoassay as it is small, portable, and usually gives accurate diagnosis. Most
commercial LFIA tests are based on gold nanoparticles and can only detect the target
analyte when it is present at relatively high concentration. The particles from Xia and
coworkers were small (~55 nm) and theorized to mimic the properties of colloidal gold.
Experimentally these particles performed better than gold nanoparticles, lowering the
detection limit (0.03 μg/l or 1.25 pM) by 100 times compared with colloidal gold based
LFIAS (detection limit 3.5 μg/l or 0.15 nM) .
3.3 Immunoassays based on infrared fingerprint signals of silica nanoparticles
Detection technology based on nanomaterial-enhanced infrared spectroscopy are already
quite popular. Once again, gold nanoparticles have been more widely studied because of
some of their unique chemical and optical properties but studies on silica nanoparticles are
not uncommon. Especially for functionalizing with proteins, silica surfaces are especially
preferred. Along with being used as nanostructures (nanoparticles, nanorods etc.), silica as
a coating on other structures (such as magnetic particles) is also investigated thoroughly.
Harbecke et al.191 reported that silica thin films show unique transverse optical and
longitudinal optical phonon modes centered at 1075 and 1260 cm-1 originating from
asymmetric stretching of the Si-O-Si bonds. Based on this observation, Ding et al. studied
the feasibility of developing an immunoassay where silica itself would act as the detector.
This would eliminate the need to dye load or enzyme load the particles and also has the
potential to provide quantitative data. As expected, Ding and coworkers found major
absorption peaks centered around 1100 and 1220 cm-1 that they attributed to the
characteristic IR fingerprint of silica nanoparticles. The peak at 1100 cm-1 is stronger than
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the one at 1200 cm-1 . They were able to devise a simple immunoassay method and detect
the model analyte human IgG (at a concentration of 100 nM) through a sandwich
immunoassay.
Another important finding of them is the effect of incidence angle on the absorbance.
When p-polarized light (a polarized light, the electric field direction of which is parallel to
the plane of incidence) is applied, the angle between the incident and the reflected light
(phase change angle) depends on the incident angle. The higher the incident angle, the
stronger the IR-RA (infrared-reflection absorption) signal obtained because the electric
field perpendicular to the particle surface would become stronger. However, as the
incidence angle approaches 90°, the phase change tends to be 180°, which means that the
incident and reflected light would cancel out each other at the particle surface. So, an
optimal incidence angle needed to be determined where maximum absorbance would be
observed Ding et al. found that the strongest absorption peak at 1100 cm-1 increased with
the increment in the incident angle and reached a maximum at 80°. However, the
absorbance sharply decreased when the incident angle was increased further, which is why
this incident angle was chosen for further experimentation. Such immunoassays address
the limitations of enzyme based or dye doped silica nanoparticles, as discussed in the
previous section.
Zhao et al.192 furthered this work by focusing on developing a dual-mode semi-quantitative
immunoassay that would be rapid, simple, sensitive and would utilize a conventional
optical microscope. The authors developed a dual mode immunoassay with silica nanorods.
The shape of the rods helped identify them easily under conventional microscopes and
provided semi-quantitative data that helped in rapid detection. The same system, when
studied with the IR spectroscopy, provided proper quantitative data based on the unique IR
fingerprint. The authors demonstrated the efficacy of the system by detecting Human IgG
which served as the model analyte. The limit of detection was found to be as small as 0.5
pM which compared well with fluorescence based assays. Later, Wang and coworkers193
focused on lowering the total assay time even further. Most immunoassays have an analysis
time of over an hour, some being as long as 4 hours. One of the prime bottlenecks of such
systems is the solid-liquid interfacial resistance that the detector must overcome when
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specifically binding to the target analyte. Magnetic particles could easily do so with the
help of an external magnetic field. So, silica coatings were generated on Fe3O4
superparticles, assembled from magnetic nanoparticles, were then functionalized with
antibodies. Superparticles are defined as water dispersible colloidal large particles, made
out of hundreds of nanoparticles194. The superparticles used by Wang et al. were about 210
nm in size. The silica coating retained the IR fingerprint between 1200 – 900 cm-1, which
was utilized in the assay. As the recognition event between the probe and the target analyte
occurs at the solid-liquid interface, instead of relying on convective diffusion, the authors
took advantage of the magnetic properties of the superparticles. An external magnetic field
was applied to make the magnetic particle probe concentrated at the solid liquid interface
which resulted in increased sensitivity. With convective diffusion, the assay had a LOD of
39.3 pM, which dropped to 95 fM when external magnetic field was used. Human IgG
served as the model analyte in this case. The magnetic field also helped lower the assay
time to as little as 1 minute.
Immunoassays based on the unique IR fingerprint of silica were very sensitive, almost
immune to interference originating from the environment, and had the potential to avoid
false-positive diagnostics. However, to further increase the sensitivity of the system to
detect early disease biomarkers, a dual mode probe is more suited. Wang and coworkers195
developed such a dual mode immunosensor with carbon dots grafted silica nanorods. The
dual modes were fluorescence and infrared absorption. Fluorescence and the infrared
signals did not interfere with one another, rather complimented/ verified each other. The
authors demonstrated a 9 orders of magnitude wide detection range. The assay based on
these probes had improved sensitivity and a wider linear range of detection. The authors
employed this nanoprobe to detect carcinoembryonic antigen (CEA) in human that helps
in early detection of various cancers but where commercially available tests sometimes
produce false results. In real human serum, the probe was able to have an accurate limit of
detection as low as ~4.4 aM.
3.4 Use of the biotin-streptavidin interaction to improve biosensor performance
Biotin, or vitamin B7, is a small heterocyclic compound that is widely known for its high
affinity towards Avidin, an egg derived protein, as well as streptavidin and Neutravidin.
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The biotin-streptavidin affinity is almost a million times higher than the antigen-antibody
pair. The dissociation constant, KD, of the pair is in the femtomolar range. The non-covalent
bond that forms between biotin and streptavidin is the strongest found in nature and is
constantly exploited in different biosensing applications.
Most proteins can be easily biotinylated through either chemical or enzymatic methods.
Biotinylated proteins/ aptamers/ DNA strands are used widely in different immunoassay
systems. Each Streptavidin molecule can bind up to four biotin molecules so different
moieties can be linked together through a biotin-streptavidin-biotin bridge. This highly
specific interaction also forms quickly, which can cut down analysis time in immunoassays
while also increasing sensitivity. A general strategy of biotin-streptavidin enhanced
immunoassay is shown in Figure 23. The primary capture antibody immobilized on a solid
surface would capture the target antigen when a sample containing the antigen is introduced
to the system. After washing away the unbound elements of the sample, a biotinylated
primary detection antibody binds to the antigen and completes the sandwich. Utilizing a
streptavidin molecule as a bridge, a biotin conjugated nanoparticle (loaded with probes
such as dye molecules) can then be connected to the sandwich. Assays such as Lateral
Flow Immunoassays or LFIAs are portable and convenient but are often notorious for only
working for samples that have a high concentration of target analyte, rendering the method
obsolete when such is not the case. Most LFIAs use gold nanoparticles as the probe and
some degree of success has been achieved in improving the sensitivity through using silver
as the signal enhancer along with the colloidal gold. The enhancement strategy is based on
the reduction reaction of silver ion on the gold nanoparticle surface. 15-fold increase in
sensitivity was achieved with the silver enhancement as reported by Panferov et al196.
However, it is an enhancement technique specific towards gold nanoparticles, so a more
general approach was needed.
Serebrennikova and coworkers197 suggested a simpler approach that involved using a
conjugate of biotinylated antibodies and streptavidin coated nanoparticles. The authors
utilized gold nanoparticles for their demonstration. Streptavidin played the role of a
crosslinker and the signal amplification arose from the agglomeration of gold nanoparticles
in the test zone on the LFIA strip. The quick and specific interaction caused the assay time
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to be as short as only 10 minutes. Immediately following this finding, Lou et al. further
improved the performance of LFIA by demonstrating that using core streptavidin (instead
of commercially available traditional version of the protein) helped in improving the
sensitivity even more. Core streptavidin is the modified version of the protein where the
outermost peptide chains have been cut short for better interaction with biotin. Overall, the
authors were able to lower the limit of detection by one order of magnitude. For cardiac
biomarker troponin I (cTnI) as the target analyte, the LOD was determined to be 0.049
ng/ml or 2.05 pM.

Figure 23: General strategy of biotin-streptavidin interaction enhanced immunoassay
In the food industry, the biotin-streptavidin interaction has been studied widely for
improving detection systems for specific toxic moieties. Many toxic primary or secondary
metabolites such as Patulin or Ochratoxin A, or mycotoxins such as Fumonisins that are
found in fruit crops, are regulated by government bodies and constantly have to be
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evaluated and quantified. Historically most of such toxins were detected by HPLC, GC or
LC/MS. QCM, SPR, NIF are also used. All the methods involve expensive instrument,
trained personnel and time. Traditional assays such as ELISA (either competitive or
traditional HRP aided assays) or LFIA were not popular as they just did not have the
capability to detect such a small amount of target analyte to match the industrial
requirement. In recent years however, scientists have used the biotin-streptavidin
interaction to overcome the limitations of such assays and reinstate their effectiveness198200

. An effective and clever application of the pair was demonstrated by Li and coworkers.

To detect the human immunoglobulin G (HIgG) through a sandwich type electrochemical
immunosensor, the biotin-streptavidin-biotin bridge was created through biotinylated
secondary antibody, Streptavidin and biotinylated magnetic nanoparticles. Each
streptavidin bound to one biotin in the immunocomplex and three other biotinylated
nanoparticles resulting in three times amplification. By adding more streptavidin and
introducing more biotinylated nanoparticles, multiple amplification could potentially be
achieved. The reported limit of detection for HIgG was 0.33 pg /L or 2.2 aM.
3.5 Impact of our functionalized silica nanoparticles
Applications of nanoparticles biosensing have been dominated by gold nanoparticles for a
very long time as mentioned previously. However, the success of gold nanoparticles has
been limited due to their in vivo toxicity201-203, shape dependent targeting efficiency and
photostability This has led researchers to look for other suitable nanoparticles in
nanoharvesting, drug delivery and biosensing applications.
For nanoharvesting applications, the particles employed are expected to not interact with
non-target analytes present in the sample, bind the maximum amount of target analyte so
that their functionality is intact. For nanoparticle enhanced biosensors, the assay system
should be specific and sensitive enough to provide at least qualitative information about
the sample and then move forward to developing a quantitative assay. An ideal biosensor
should be able to recognize very small amounts of target analyte using minimal number
of probes while generating sufficient amount of signal. Point-of-care biosensors should be
light, easily portable, and operatable without any training. So far, single molecule detection
through traditional or nanoparticle enhanced immunoassays such as LFIA, ELISA or
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FLISA is only in the preliminary stage and mostly confined to other more extensive
methods such as fluorescence microscopy, Raman spectroscopy etc. and some other force
manipulation-based approaches. Mesoporous silica has served as a model system to study
single-molecule diffusion through spectroscopic method because of their tunable pore size
and controllable pore structure and chemical environment inside the pores204, 205. Cohen et
al. studied the parameters controlling the interaction of chromophores with the nanoparticle
when encapsulated by studying the single molecule behavior within core-shell silica
nanoparticles206. Our nonporous silica nanoparticles can be dye doped by covalently
attaching dyes such as FITC to make them fluorescent. If mesoporous silica nanoparticles
are used, physisorbed dyes are another option for labelling. So, fluorescently labelled silica
nanoparticles can be used in Lateral Flow Assays and create portable detection systems.
Our particles have a large surface area to volume ratio already which would increase further
is mesoporous particles are used. So, each particle can be loaded with a large amount of
reporter dyes. With the controlled orientation strategy demonstrated in Chapter 2, our
particles have the potential to detect very small number of biomarkers which is a desired
quality in any sort of immunoassays.
The future of biosensors is moving in a direction where POC sensors might enable singlemolecule detection. Another goal is to enable multiplex sensing. Silica nanoparticles have
already been employed in some multiplex detection applications, For example, Wang et
al207 loaded 60 nm silica nanoparticles with three different dyes in varying ratios. The dye
molecules undergo FRET and the same excitation wavelength can be used to generate
different emission wavelengths (about 20 in their case). These triple-dye-doped FRET
silica nanoparticles were then employed for simultaneous multiplex detection of three
bacterial pathogens. The silica matrix helped with the FRET phenomenon while the silica
surface was easily tagged with biorecognition tags. Similarly, Peerzade et al208. also loaded
up to 5 dyes onto the same ultra-fluorescent silica nanoparticles so that the encapsulated
dye molecules go through FRET inside the pore channels.
Yuan et al209. demonstrated multiplex endogenous RNA detection with dye doped silica
particles with ‘turn on’ strategy. Essentially, the pore channels were capped with antisense
oligos (ASOs) and protected the dye molecules inside the pores. Upon specific recognition
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event, the uncapping event occurred, letting the dye molecules out of the pores and into the
solution. By varying the degree of ASOs capping, different RNA nanosensors were
developed, thus enabling multiplex target detection. Our engineered silica nanoparticles
heavily rely on the biotin-streptavidin interaction. As mentioned before, due to the ease of
biotinylation of different biomolecules, the surface of the particles can be functionalized
with various such biomolecules. This is a sought-after characteristic in multiplex assays.
Magnetic core-shell silica nanoparticles can be also utilized in such assays. The
nanoparticles discussed in Chapter 2 of this thesis are nonporous but the same
functionalization strategy can be utilized if the particles were porous. This would allow
dye doping through physical adsorption or covalent functionalization. Multiple dye doping
can potentially enable FRET based multiplex assays208.
Detecting most, if not all the elements of a sample (such as blood) by using as little sample
as possible is the ultimate goal of POC biosensors. One last concern is to ensure that false
results are avoided. This is especially hard when the sample has a lot of elements that might
produce overlapped signals. For nanoparticle enabled sensing applications, false results
arises from nonspecific binding of the nanoparticles to nontarget analytes in the sample
and due to high background noise resulting from nanoparticle aggregation210. Bagwe et al.
were among the first groups that studied the importance of surface functionalization of
silica nanoparticles in reducing nonspecific binding211. Proper ratios of inert and active
functional groups on the nanoparticle surface can cause the zeta potential to be highly
negative and create a highly stable suspension. They found that when functionalized with
a combination of carboxylate and octadecyl groups, silica nanoparticles aggregated less
and faced less nonspecific binding compared to more conventional PEG coatings or only
carboxylate or octadecyl groups coatings. However, there is still significant research going
into reducing non-specific binding with nanoparticle enabled detection systems because
the zeta potential based stability strategy is dependent on the pH of the medium and not
readily translate to other systems.
Our engineered silica nanoparticles highlight all these characteristics and prove themselves
versatile. The primary amine functionalized particles with their high reactivity and slight
positive charge render them suitable for various cell culture studies or in vivo drug delivery
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studies. They can be easily dye doped through covalent bonds. Mesoporous silica
nanoparticles created through the sol-gel Stöber method can also hold physisorbed dyes
inside the matrix. The biotin-streptavidin-biotin (B-SA-B) bridge shows the possibility of
these particles being conjugated with different proteins, DNA, aptamers or other moieties.
It is a strong bond that is stable over most environmental (such as pH or temperature)
changes. So, in immunoassays, where environmental change cannot be easily controlled
(such as LFIA strips that are many times used by nonprofessionals in rural areas around
the world), utilization of the B-SA-B bridge is a promising approach. There are many
commercially available biotinylated proteins or other biomolecules available so it is very
easy to functionalize the particles with whatever moiety is necessary. Improperly folded or
incorrectly oriented immobilized proteins can often cause the loss of functionality so the
B-SA-B bridge also plays a very important role in correctly orienting them as was
demonstrated in Chapter 2. This could potentially help increase sensitivity in assays.
Overall, the proposed engineered particles demonstrate the versatility in functionalization
that can be achieved through simple pathways. The capture of antibodies with high binding
affinity and capacity is only an example of an application, but the particles ultimately
highlight the importance of proper orientation of the attached affinity ligands and how the
technology can help in creating suitable protein-nanoparticles conjugate for other
applications.
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Appendix: Supplementary Materials of Chapter 2
Sample calculation for amine quantification
Calibration curve used for fluorescamine assay:
Fluorescence = 8.03×107 ×concentration of amines (g APTES/ml) + 464
Average fluorescence of sample containing dissolved SNPA particles = 1131.33
Concentration of amine groups =

1131.33−464
8.03×107

= 8.31×10-6 g APTES /ml solution

Particles were dissolved in a 1 mg/ml concentration,
8.31×10−6 𝑔 𝐴𝑃𝑇𝐸𝑆
𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

1 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

× 1 𝑚𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ×

1000 𝑚𝑔
1𝑔

×

1000 𝑚𝑙
1𝑙

= 8.31 mg APTES/ g particle

Molecular weight of APTES = 221 g/mole = 221 mg/mmole
Each APTES has one primary amine group.
8.31 𝑚𝑔 𝐴𝑃𝑇𝐸𝑆
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑚𝑚𝑜𝑙𝑒

× 221 𝑚𝑔 𝐴𝑃𝑇𝐸𝑆 = 0.0376

𝑚𝑚𝑜𝑙𝑒 𝐴𝑃𝑇𝐸𝑆
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

= 0.037

𝑚𝑚𝑜𝑙𝑒 𝑎𝑚𝑖𝑛𝑒𝑠
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

Particle diameter = 270 nm
Volume of each particle =

4𝜋 270 3
( 2 )
3

= 10.306×106 nm3

Silica nanoparticle density = 2 g/cm3 = 2 g/ 1021 nm3
Mass of each particle =

2 𝑔 ×10.306×106 𝑛𝑚3
1021 𝑛𝑚3

= 2.0612 × 10−14 𝑔
1

So, each gram of particles would have =2.0612×10−14 = 4.85 × 1013 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
Surface area of the particles =

4.85×1013 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

× 4𝜋 × (

270 2
)
2

𝑛𝑚2

= 1.11× 1019 nm2 area/ g particles
= 11.11 m2 area/ g particles
Now,

0.0376 𝑚𝑚𝑜𝑙𝑒 𝑎𝑚𝑖𝑛𝑒
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

×

𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
11.11 𝑚2

= 3.384 × 10−3

𝑚𝑚𝑜𝑙𝑒 𝑎𝑚𝑖𝑛𝑒
𝑚2

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

Each mmole contains 6.023 × 1020 amines and each amine takes up 50 Å² of surface area
So, Amine coverage =
3.384 × 10−3

𝑚𝑚𝑜𝑙𝑒 𝑎𝑚𝑖𝑛𝑒

𝑎𝑚𝑖𝑛𝑒𝑠

× 6.023 × 1020 𝑚𝑚𝑜𝑙𝑒 × 50 Å²
𝑚2 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑚2 𝑎𝑚𝑖𝑛𝑒𝑠

= 1.019 𝑚2 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ≈ 102% coverage
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𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑎𝑚𝑖𝑛𝑒

1 𝑚2

× 1020 Å²

Sample calculation for monolayer coverage of streptavidin
1 g particles = 11.11 m2 surface area
Assume streptavidin to have a cubic structure of 5 nm × 5 nm × 5 nm, so each streptavidin
molecule would take up 25 nm2 surface area.
So, full streptavidin coverage on particles would be
11.11 𝑚2
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

×

1 𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

Or, 4.44 ×1017
= 40.6

25 𝑛𝑚2

×

𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1×1018 𝑛𝑚2
1 𝑚2

= 4.44 ×1017

𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1 𝑚𝑜𝑙𝑒 𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛

55000 𝑔

× 6.023 × 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 × 1 𝑚𝑜𝑙𝑒 𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛 ×

1000 𝑚𝑔
1𝑔

mg streptavidin
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

So, a monolayer coverage of streptavidin should theoretically result in a loading of 40.6
mg streptavidin
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

Theoretical calculation of streptavidin loading on SNPABS
Particles were loaded at an initial streptavidin concentration of 0.05 mg/ml (Ci). From the
solution depletion experiment carried out with varying initial concentrations (0.01, 0.02,
0.04 and 0.08 mg streptavidin/ ml), the relation between initial (Ci) and equilibrium
concentrations (Ce) was determined to be
Ce = 0.6389 × Ci – 0.0009
So, for Ci= 0.05, Ce should be = 0.6389 × 0.05 – 0.0009 = 0.031045 mg/ml
Relation between equilibrium concentration (Ce) and uptake (qe) is, qe = 1292.1× Ce +
2.6917
So, if Ce = 0.031045, qe = 1292.1× 0.031045 + 2.6917
= 42.803 mg streptavidin/ g particles

Sample calculation of IgG uptake
Intended initial concentration of IgG, Ci = 0.014 mg/ml
Measured average Ci = 0.01466 mg/ml
Measured average equilibrium concentration of IgG, Ce = 0.0012 mg/ml
Volume of total sample, V = 225 μl = 0.225 ml
Total mass of particles in the sample, M = 0.0001 g
𝑉

Equilibrium uptake, qe = (Ci – Ce) ×𝑀 = (0.01466 – 0.0012)
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𝑚𝑔
𝑚𝑙

×

0.225 𝑚𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
0.0001 𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

= 30.34

𝑚𝑔 𝐼𝑔𝐺
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

Theoretical calculation for IgG : Protein A/G binding ratio
Loading of streptavidin in molar unit
=

42.8 𝑚𝑔 𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1𝑔

× 1000 𝑚𝑔 ×

1 𝑚𝑜𝑙𝑒

= 7.78 × 10−7
55000 𝑔

𝑚𝑜𝑙𝑒 𝑠𝑡𝑟𝑒𝑝𝑡𝑎𝑣𝑖𝑑𝑖𝑛
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1:1 molar binding of streptavidin and Protein A/G was assumed. So, Protein A/G loading
was
also 7.78 × 10−7

𝑚𝑜𝑙𝑒 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐴/𝐺
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

Maximum IgG uptake capacity of SNPABS-PAG particles
=

110 𝑚𝑔 𝐼𝑔𝐺
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

1𝑔

1 𝑚𝑜𝑙𝑒

× 1000 𝑚𝑔 × 150000 𝑔 𝐼𝑔𝐺 = 7.33 × 10−7

𝑚𝑜𝑙𝑒 𝐼𝑔𝐺
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

IgG: Protein A/G molar ratio =
7.33 × 10−7 𝑚𝑜𝑙𝑒 𝐼𝑔𝐺
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
×
𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
7.78 × 10−7 𝑚𝑜𝑙𝑒 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐴/𝐺
𝑚𝑜𝑙𝑒 𝐼𝑔𝐺
= 0.942
𝑚𝑜𝑙𝑒 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐴/𝐺
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