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6.1 Mucus
Mucus is a viscoelastic and adhesive gel that protects the lung airways, 

gastrointestinal (GI) tract, vagina, eye and other mucosal surfaces. The gross 

composition of mucus is about 1% by weight of salts and other dialyzable 

components, 0.5 - 1% by weight of free protein, 0.5 - 1% by weight of carbohydrate- 

rich glycoproteins called mucin and 95% and above water. Mucins are large 

molecules, typically 0.5 to 40 MDa in size (Singh 2002) formed by linking of 

numerous mucin monomers and are coated with complex and highly diverse array of 

proteoglycans. The pH of mucus varies greatly with mucosal surface: Lung and nasal 

mucus are neutral in pH, vaginal mucus is acidic (pH ~ 4) and eye mucus is slightly 

alkaline (pH ~ 7.8). The thickness of mucus layer varies from 0.03 (eye) to 200pm 

(gastric) mucosal site (Lai 2009).

At least twenty glycoproteins have been assigned to the MUC gene family (Dekker 

2002, Ali 2007) with several mucin types expressed at each mucosal surface (Corfield 

2001, Gipson 2001, Rubin 2002, Ali 2007). Mucin can be classified into two 

categories: cell associated mucin and secreted mucin. In addition to mucins, mucus 

gels are loaded with cells, bacteria, lipids, salts proteins, macromolecules and cellular 

debris. The various components work together to form a nano-scopically 

heterogeneous environment with a shear dependent bulk viscosity in the range of 

1000-10,000 times higher than the viscosity of water at low shear rates. Mucus visco­

elasticity is tightly regulated in healthy subject by controlling the mucin to water 

secretion ratio (Wolf 1977) as well as by varying lipid (Galabert 1987), protein (Girod 

1992), and ion content (Raynal 2003). Mucus is continuously secreted, then shed and 

discarded/ digested/ recycled.
1 Declaration:

1 This work is carried out under the guidance of Dr. Justin Hanes, Professor, Johns Hopkins University 
(JHU), Baltimore, MD-USA. Heena Soni has official collaboration for her doctoral work with his 
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The mucus clearance time is short. Rate of mucus clearance varies from one site to 

another with different mechanisms acting on those sites. The understanding of mucus 

layer thickness, clearance time and mechanism of clearance is the key for designing 

drug delivery system for that site. The bottom line for designing delivery system 

through mucus is remaining on the fact that the rate of particle diffusion through the 

mucus layer should be higher than the rate of mucus clearance (Lai 2009).

6.2 Mucus Penetrating Particles

The bulk viscosity of healthy human mucus at low shear rate is about 1000 to 10,000 

times higher than the viscosity of water. According to Stokes’ Law for diffusion in 

homologues fluids, it is indicated that at this viscosity, macromolecule penetration is 

— impossible. However, Saltzman and Cone (1994) showed that diffusion of various 

proteins and antibodies, in human cervical mucus was unhindered relative to their 

rates in. water. The same studies showed penetration of virus less than 30 nm was 

unhindered and later the study was supported by Olmsted (2001). Finally, it was 

established that small particles are capable of diffusing through low viscosity pores 

within the highly elastic mucin fiber matrix. The viscosity of the fluid that fills the 

pores in mucus is equivalent to that of water, so the transport of non-mucoadhesive 

particles is expected to be similar to their rates in water (Lai 2010).

The primary mechanism of trapping pathogens in mucus can be explained by 

formation of polyvalent adhesive interaction. The high density of hydrophobic 

domains, coupled with the flexible nature of mucins facilitate efficient formation of 

multiple low- affinity adhesive interactions with hydrophobic surfaces of foreign 

particles. The polyvalent adhesive interactions can also be achieved via electrostatic 

interactions. Glycosylated regions of mucin fibers are densely coated with negative 

charges, such that mucus can also bind with positively charged particles with the same 

affinity. Many polymers useful in development of drug/ gene delivery systems are 

either hydrophobic (eg. PLGA, Poly anhydride) or cationic in nature (eg. 

polyethylenimine, chitosan and polylysine). When they come in contact with a mucus 

layer, hydrophobic and anionic forces will prevent them from penetrating through
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mucus. This is a big challenge in design of particulate drug and gene delivery systems 

(Norris 1997, Cone 1999, Kircheis 2001, Kumar 2002, Bala 2004, Pack 2005).

Hence, conventional particles get trapped into mucin fiber network. It is true that 

mucoadhesive particles can improve pharmacokinetics of therapeutics at mucosal 

surface when compared to free drug alone. However, it has important limitations. 

Since mucoadhesive systems are bound to the mucus layer, they are cleared with 

mucus within seconds to hours. Moreover, they are incapable of efficiently 

penetrating through the mucus layer to reach the epithelium (Chickering 1996 and 

Mathiowitz 1997).

For intracellular drug and gene delivery, and for long term drug delivery system, 

mucus penetration is the key (Suk 2008, Sam 2010, Tang 2010). When the surface 

characteristics of viruses , including poliovirus, Norwalk virus and human papilloma 

virus (HPV)were studied with reference to mucosal penetration characteristic by Cone 

1999 and, there were three important observations noted: (1) Sufficiently large surface 

area, (2) high density of surface charge , both positively and negatively charged 

groups, leading to a densely charged yet net neutral surface, but neutral surface and 

(3) Hydrophilic surface. This observation provided motivation to the Hanes research 

Group to modify polymer surface chemistry by mimicking the essential surface 

properties of viruses that allow them to avoid mucoadhesion.

Prof Justin Hanes and his group have reported (Suh 2004, Suh 2005, Suh 2007, Lai 

2007, Wang 2008, Lai 2009, Tang 2009) that PEGylation of polymer facilitate the 

mucus penetration. However, it was not obvious to prove the role of PEGylation in 

mucus penetration where many early researches reported PEG as muco-adhesive 

agent. PEG is an uncharged hydrophilic polymer routinely useful in pharmaceutics to 

improve systemic circulation (Allen 2004, Harris 2003). Some authors have reported 

PEG chain establishes adhesive interaction due to their ability to inter diffusive with 

mucus network (Huang 2000, Bures 2001) and undergo hydrogen bonding. These 

work mainly focused on PEG coating of hydrogel system (Lele 2000) where the 

characteristic size of gel is greater than the average mucus pore spacing and reported
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PEG as mueo-adhesive. A number of reports in last decades also indicated PEG to 

enhance the muco-adhesive properties of nano-particles (Fresta 2001, Giannavola 

2003, Sezgin 2007, Yoncheva 2007) although the density of PEG coating was 

typically under characterized.

It is very unlikely that PEG changes the mucus characteristic to facilitate mucus 

penetration. Hanes group at Johns Hopkins University, MD conducted systematic 

studies on mucus penetrating ability of PEG coating and they concluded that a dense 

coating of low molecular weight PEG on hydrophobic polymer facilitated mucus 

penetration, where PEG acts as a shield to protect the particles from interacting with 

proteins in mucus and helps them for penetration (Lai 2009).

In addition to improving transport, PEGylation of nanoparticles may also enhance 

their stability in mucus. Stability is important when particles must diffuse through a 

thick layer of mucus in order to reach underlying cells. Sanders et al found that mucus 

components did not interact significantly with PEG-GL 67 lipoplexes and prior 

exposure to the mucus components did not reduce their gene transfer. Similarly, in 

vitro incubation of PEG- coated Poly Lactide nano particles in simulated gastric fluid 

demonstrated 9- fold higher chemical stability than Poly Lactide alone (Rowland 

1980, Chia-Ming 1987).

B-PEG-PLA, a PEGylated PL A degrades in body over 30 days (Kulkami 1966) and 

biotin label helps for protein conjugation. Along with mucus penetrating ability, one 

more advantage of protein conjugation with B-PEG-PLA was observed that there was 

no obvious change in protein activity after biotin labelling when evaluated with In- 

Direct ELISA (data shown in chapter 5). With this reference, we extend application of 

MPP in the biological areas where proteins were covalently conjugated with mucus 

penetrating particles (MPP). We also believed that surface presentation of antigens 

would be better recognized and interacted with APCs than the antigens encapsulated 

in the biodegradable particulate system. For surface presentation of antigens, the 

polymer must have biological ligand which can interact with antigens. Therefore, in 

the given study, Biotin-PEG-PolyLactide (B-PEG-PLA) biodegradable polymer was
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synthesized and nano-particles in the size of 200 nm were prepared and proteins were 

coyalently conjugated with these nanoparticles. In-vitro mucus penetration studies 

were conducted with these NPs conjugated with antigens.

6.3 Multiple Particle Tracking

In early 90’s, Single Particle Tracking (SPT) was used for studies related to transport 

behavior of proteins and lipid across the cell membrane. Qain et al 1991 presented the 

theoretical basis of analyzing trajectories obtained by SPT. Andersen 1992 and Cherry 

1994 utilized approach of SPT using fluorescently labeled particles. Subsequently, 

Multiple -particle tracking (MPT) was developed and its application extended in the 

studies of viscoelastic behavior of complex biological fluids and intracellular 

environment. MPT can be explained as a computer-enhanced video microscopy which 

is used to track the motion of proteins, lipids, particulate matters or heterogeneous 

materials in the cell/ tissue environment ex vivo. Individual molecules or small 

clusters are observed with a typical spatial resolution of tens of nanometers and a 

typical time resolution of tens of milliseconds.

In video microscopy (Inou'e 1986, 1989), there is use of a high-quality video camera 

or other fast camera attached to a research-quality microscope for the purpose of real­

time or high-speed imaging of samples on a microscope stage. These images are 

recorded at regular intervals (often at “video rate” of 30 images per second), and the 

time-lapse sequence can be played back in the form of a movie. The term “video 

microscopy” originally referred to microscope imaging using true video (30 frames 

per second) but now generally refers to rapid time-lapse imaging techniques. Video 

microscopy is used frequently to image small structures that move rapidly within cells 

as well as movement of whole cells. This motion can be well quantitated, and in the 

case of fluorescence microscopy, the changes in fluorescent intensity (reflecting the 

local chemical environment of the fluorescent molecule or the number of fluorescent 

molecules) can be quantitated as well.
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The goal of MPT data analysis is to use particle trajectories to characterize the mode 

of transport and diffusivity. This technique is valuable in obtaining data on how fast 

particles move in complex cell environment. This technology addresses issues 

highlighted below (Saxton and Jacobson 1997):

(a) How do particles move on the cell surface? To what extent does the motion of 

various particles deviate from pure diffusion? How is that motion controlled and 

what its function?

(b) Measurements of trajectories of individual particles in the plasma membrane of 

cells show a variety of types of motion. Brownian motion is observed, but many 

of the particles undergo non-Brownian motion, including directed motion, 

confined motion, and anomalous diffusion. The variety of motion leads to 

significant effects on the pharmacokinetics of site-directed drug delivery system. 

This observation addresses key issue in designing effective drug/ gene delivery 

system.

(c) How do the properties like visco-elasticity of cell environment, pH of various 

mucus layer and different pore size of mucus barrier affect the particle 

movement?

Nanometer-Scale particle tracking is possible because the center of a small particle 

can be located with a precision well below the wavelength of light. However, two 

overlapping/ close particles can not be resolved. According to Rayleigh criterion, if 

the particles are too close, the pair cannot be resolved; however, this unresolved pair 

is more intense than the single spot of particle (Schnapp 1988, Sheetz 1989 and 

Ghosh 1994).

For mobile particles, motion of particles during acquisition time of image is the 

limiting factor for spatial resolution. The acquisition time depends on the label. In our 

study we have used fluorescent label for the imaging and reduction of background 

fluorescence which is of key importance to achieve a sufficiently high signal-to-noise 

ratio (SNR) of the intrinsically weak single-molecule signals. The use of high 

numerical aperture lenses and low fluorescent particle concentrations are mandatory, 

because otherwise the fluorescence of out-of-focus particles complicates the detection 

of single particle in the focal plane (Saxton and Jacobson 1997).
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6.4 Mode of Transport
The concept of time scale is critical in video microscopy. Time scale can be defined 

as the time over which particle is allowed to move before calculating displacement 

from its initial point. Camera generally captures images at 30 frames/ second. The 

time interval between each frame would be 33 milli seconds (ms). Thus, the changes 

in particle displacements from frame to frame can be calculated. A movie of 600 

frames will have 599 displacement values. Squaring the 599 displacements and 

determining the mean value result in the mean- square displacement (MSD) at the 

time scale of 33 ms. The acquisition time is optimized for the given a sample. The 

next shortest time is 66 ms, where particles are given more time to move on longer 

time scales. It is logical that MSD value will increase (Suh 2005).

Particle tracking allows single particle resolution and when large number of single 

particle tracking is done, then time dependence of the MSD for each particle is 

different. It is possible to group particles on the basis of their displacement behaviour. 

This is major advantage of MPT which help us to define mode of transport of 

individual particle (Suh 2005).

Experimentally, for each trajectory of a particle, two-dimensional mean square 

displacement for every time interval was calculated. The formula for calculation of 

MSD is as follows:

< Ar2(r)>=-j^([x(t + r)-x(f)]2 + [y(t + T)-y(t)]2) (1)
n im0

Where t = 0.0667*/', n = T/x - 1 and T = the length of the movie.
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Figure 6.1 Times (mean square displacement) as a function for defining mode of 

transport
Coarsely, three modes of motions have been considered to describe the motional 

behaviour of particles: Stationary (Immobile), Diffusive and Hindered particles. Sub 

classification could also be possible if data cannot be fit to any one kind of behaviour 

due to sub-diffusive movement or Directed/ Active movement (Kusumi 1993, Saxton 

and Jacobson 1997, Suh 2003).

6.4.1 Diffusion

The MSD of diffusive particles is directly proportional to time. For simple diffusion, 

slope of the line is one (refer figure 6.1). The mathematical formula for this case can 

be written with Stokes- Einstein relation:

{(Ar2 (t)} = 4 D0t, (2)

Ar2 (x) = MSD (3)

In (MSD) = In 4D0 + In x and slope = 1 

D0=Diffusion coefficient, x = time

Value of Do can be obtained by fitting MSD v/s Time curve to a linear function. The 

particles that do not meet these criteria need to be sub-classified with the term- sub- 

diffusive particles (Dawson 2003).
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Sub-diffusive mode of transport can be described mathematically as:

{(Ar2 (x)} = 4 D0xa (4)

Where a is the anomalous coefficient and is equal to 1 for simple diffusion and less 

than 1 for sub-diffusive mode of transport. This transport mode can be due to the 

physical hindrance of the particles.

Directed or Active transport of particles can be described mathematically as:

{(Ar (t)} = 4 D0t + vV (5)

Where v is the mean nano-complex velocity.

The values of D and v can be obtained by fitting the MSD v/s x curve to a polynomial. 

Sometime, convection-directed transport is observed in a non-biological system which 

gives more or less similar data as Active transport (Suh 2003).

6.4.2 Hindered

Here particles undergo Brownian diffusion within a limited area and cannot move out 

of that area during the observation time. This mode generally occurs when particles 

get trapped within the flexible fiber network. By Fitting MSD v/s x curve by least 

square analysis, it is possible to obtain the diffusion coefficients and transport velocity 

for this type (Suh 2004).

6.4.3 Immobile (Stationary mode)

Particles/ biological materials/ gene vectors show little or no motion during the 

speculated time which may be defined as Immobile or stationary mode of transport. In 

this mode of transport, particles are either sterically trapped or they adhere to the 

system (Suh 2004).

6.5 Experimental Technique

6.5.1 Requirement

Control Particles:

For the calibration of particles movements, two control particles were used:
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one was carboxylate- Polystyrene (PS-COOH), where in the hydrophobic PS adheres 

to hydrophobic mucus patches and represent immobile particle group. 200nm size of 

PS-COOH particles were purchased from Invitrogen, FluoSphere, caboxylated- 

modified- Poly Styrene, yellow green fluorescent (505-515 emission-excitation 

maxima) 1 mL, 2% solids.

Second was PEGylated Polystyrene (PS-PEG). These particles were modified PS- 

COOH particle; modification was done at the Hanes laboratory. A standard protocol 

was followed for modification where there was involvement of standard EDC 

dehydration chemical reaction between amine group of PEG and carboxyl group of 

PS-COOH (Lai 2007). Other functional groups and chemistries may also be used. 

PS-PEG was the representative of diffusive particles.

Collection of Mucus samples

Mucus sample was used for these studies. Undiluted cervicovaginal mucus (CYM) 

from healthy female (age group 18-45) with normal vaginal flora were obtained using 

self sampling menstrual collection device following protocol approved by the 

Institutional Review Board of the Johns Hopkins University. The device was inserted 

into the vagina for 60 s, removed and placed into a 50 mL tube. Samples were 

centrifuged at 1000 rpm for 2 minutes to collect secretions (Tang 2009). The CV 

mucus generally has an acidic pH ~4, while respiratory mucus is near neutral in pH. 

Just before the use, the pH of the sample was determined by pH meter and adjusted to 

pH ~ 7 with Sodium Hydroxide (NaOH). Not more than 15% NaOH was added to the 

mucus sample to avoid unnecessary dilution.

Fluorescent labeling

The particles were labeled with fluorescent molecular probe, Rhodamine Red™-X 

conjugate of NeutrAvidin® (cat # 6378) from Invitrogen, USA.

The nano particles were prepared by single emulsion technique. These NPs (10 mg) 

were suspended in 750 pL of PBS. 750 pL of an aqueous solution of 200 pg/mL 

avidin rhodamin was added and incubated for 30 minutes at 37° C. Particles were 

collected by centrifugation and washed three times in PBS. Subsequently, particles 

were conjugated with Biotinylated protein as described in the chapter 5.
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6.5.2 Sample Preparation for Microscopy

Once the fluorescent labeling of particle, mucus sample and controlled particles were 

ready, the samples for the video microscopy were prepared. The procedure for 

preparation of slides is described in Tang 2010 which is noted here in brief: quickly 

but gently, particle suspension of about 3-5% v/v was transferred to the mucus sample 

slides having about 30 pL of mucus sample followed by gentle stirring. Immediately 

it was sealed with a cover slip. To seal with cover slip, equal pressure at all comers 

was applied simultaneously to avoid air entrapment. Samples were then incubated at 

37° C for 1-2 hours in 100% humid chamber to ensure sample do not dry out during 

incubation. At least 2 hours of incubation time before imaging is desirable to allow 

the mucus sample to equilibrate and to eliminate convection.

6.5.3 Video Microscopy

The video microscopy system comprised of Inverted epifluorescence microscope, 

Zeiss Axiovert 100 LM equipped with I-Pentamax 512 digital camera was used for 

the study. Before setting up actual experiments with the microscope, training was 

given by experts at Integrated Imaging Centre, Johns Hopkins University, Baltimore, 

USA.

6.5.4 Software for Data Analysis

MetaMorph 6.1 (Universal Imaging, Glendale, WI) was used for acquisition of the 

stream and tracking the single particle. The data obtained were analysed with set of 

modified MATLAB routine developed at Hanes Lab. The MSD and diffusivity graphs 

were plotted with KaleidaGraph 4.1 of Synergy Software.

6.6 Protein conjugated Nano Particle Tracking in Mucus

Particle transport rates were measured by analyzing trajectories of fluorescent 

particles, recorded by using I-Pentamax 512 digital camera mounted on an Inverted 

epifluorescence microscope equipped with 100X oil-immersion objective (N.A., 1.3). 

The movie for each test sample Antigen 85B (Ag85B) conjugated biotin-PEG-PLA
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Nano Particles (B-PEG-PLA NP); with and without adjuvant, Dimethyl- 

dioeadecylammonium bromide (DDAB) and Early secretory Antigen Target (ESAT- 

6) conjugated B-PEG-PLA NP with and without adjuvant DDAB along with both the 

controls, diffusive particle control (PS-PEG) and immobile particle (PS-COOH) were 

recorded with Metamorph software (Universal Imaging, Glendale, WI) at temporal 

resolution of 67 ms for 20 s. 540-507/ 529 nm (Rhodamine filter) was selected on the 

basis of emission/excitation maxima of each sample (information was taken from 

http://www.jhu.edu/iic/fluorophore.htm). The tracking resolution was 10 nm, 

determined by tracking displacements of particle immobilized with strong adhesive 

(Suh 2004). The coordinates of nano particles centroids were transformed into time 

averaged MSD. The formula for calculation of MSD is as follows,

MSD or < Ar2 (r) >= — V f[x(/ + r) - x(/)]2 + \y(t +1) - y{t)f ), (6)

n i~q

where t = 0.0667*/, n = T/t - 1 and T = the length of the movie where t = 0.0667 s 

and for a 20 s movie, there were a total;of 300 frames and 299 displacements (n) with 

a time terval of x. Pixel conversion was used to obtain unit of squared distance for 

MSD. The effective diffusivity (Deff) as a function of time (x) for each particle was 

calculated using formula (7) given by, .

Deff ~ MSD/(4x) . (7)

6.7 Particle Transport rate classification

The mode of transport (ie, diffusive, sub-diffusive, or immobile) of the nanoparticles

was determined by calculating Relative: Change (RC) for each particle. RC is defined

as :

DeiE, probed t 
„ ----------------------Deff, reference T ^

where the reference time scale is smaller than the probed. Therefore, RC is a measure 

of the relative change in diffusivity (Deff) of a single particle over time scale. In
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theory, particles moving by simple diffusion are expected to have constant 

diffusivities over time scale (or a RC value of 1). Deff values increasing with time 

scale (RC values greater than 1) indicate directed or active transported particles, and 

Deff values decreasing with time scale (or RC values less than 1) suggest sub- 

diffusive particles (Dawson 2003; Suh 2003,2004,2005).

From data ensemble, an averaged of MSD and Deff (averaged over all particles) were 

calculated. Based on these averaged values, transport mode classifications (% 

immobile, % hindered, and % diffusive) were determined. The following criteria were 

considered for the classification mode of transport.

Based on a Monte Carlo simulation of the distribution of RC values for purely 

Brownian particles, it was found that 95% of particles have RC^ort values between 

(0.729897, 1.31238) and RCiong values between (0.725285, 1.25291). Particles with 

either RCShort or RCiong values below the upper limit were classified as hindered, while 

all other particles were classified as diffusive. Particles with MSDs below the spatial 

resolution of the microscope were classified as immobile (Suh 2003).

6.8 Results and Discussions

Various types of particles including two controls PS-PEG, a representative of 

diffusive particles and PS-COOH, a representative of Immobile particles, two proteins 

ESAT-6, a 9.8 kDa protein and Ag 85B, a 32 kDa protein conjugated to B-PEG-PLA 

NPs fabricated with and without DDAB were studied for mucus penetration. Data 

represent the ensemble average of at least three independent experiments, with n > 90 

particles for each experiment and average n = 153, 169, and 120 for PS-PEG, PS- 

COOH and protein conjugated B-PEG-PLA MPP, respectively. For each experiment, 

the transport rates of particles were measured in the same sample. Data shown in table 

6.1 is in the form of percentage. Figure 6.2 is the plot indicated transport mode for 

various types of particles.
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Mode of
Particle
Transport

PS-PEG
Control
Particles-
Diffusive

PS-
COOH
Control
Particle
immobile

ESAT-6
conjugated
B-PEG-
PLA-NP
with
DDAB

ESAT-6
conjugated
B-PEG-
PLA-NP

Ag 85B 
conjugated 
B-PEG- 
PLA-NP 
with DDAB

Ag 85B 
conjugated 
B-PEG- 
PLA-NP

Diffusive 100 6.39 ±
0.65

83.17 ±
7.6

74.46 ±
7.5

73.30 ±
5.7

51.17 ±
5.4

Hindered/
Immobile

0 93.70 ± 
0.65

16.82 ±
7.6

25.25 ±
7.5

26.70 ±
5.7

48.83 ±
5.4

Table 6.1 A comparison of particle transport mode for two different proteins 

conjugated to B-PEG-PLA Nano Particles with and without cationic surfactant DDAB

Figure 6.2 A comparison of particle transport mode for two different proteins 

conjugated to B-Peg-PLA Nano Particles with and without cationic surfactant DDAB
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Trajectories of 150 particles were analysed by Metamorph software and MSD values 

were calculated with MATLAB routine and comparison of MSD values of both the 

protein conjugated NPs were made with control particles. The average ensemble MSD 

graphs were plotted with KaleidaGraph 4.1 (Synergy Software), for Ag85 B 

conjugated to B-Peg-PLA fabricated with DDAB, Ag85 B conjugated to B-Peg-PLA 

fabricated without DDAB, ESAT-6 conjugated to B-Peg-PLA fabricated with DDAB 

and ESAT-6 conjugated to B-Peg-PLA fabricated without DDAB (data are not shown 

here).

Relative diffusivity of particles were averaged using Microsoft Excel software and 

one particles from all particles was selected with conditional formatting of all data 

and diffusivity plot for that particle were plotted by using KaleidaGraph 4.1 arid it is 

as shown in figure 6.7. the data of mean square displacement was plotted against time 

in seconds (mS).

Figure 6.3, 6.4, 6.5 and 6.6 are the representative trajectories for 200 nm MPP with 

PS-PEG, PS-COOH and Protein conjugated B-PEG PLA (200nm NPs) where mean 

square Displacement (MSD) was plotted against ensemble average at a time scale of 1 

s.
Figure 6.7 shows the trajectories of one representative particle from particles of the 

one group which was selected after analysing data for average value of the MSD.
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Ag 85B- DDAB Ag 85 B- No DDAB

ESAT-6 DDAB ESAT-6 No DDAB

PS-PEG- NPs 200 nm PS-COOH NPs 200nm

Figure 6.7 Diffosivity of Nano Particles in Mucus- control particles as well as 

test particles.

The present studies included recombinant proteins ESAT-6 (Skjot 2001) and Ag-85B 

(Sinha 1997, Yadav 2001 and Brooks 2001) which are strongly immunogenic and 

express in large amount during TB disease progression in the host (Orme 1993, 

Cooper 2002). To enable protein to reach APCs, we need to have delivery vehicles 

which also diffuse through mucus and hence mucus penetration studies were 

undertaken.

When mucus penetration of protein conjugated nano particles were studied in 

comparison with PS-COOH and PS-PEG, it was observed that ESAT-6 conjugated 

particles diffused faster (almost as similar to PS-PEG nano particles) in mucus than 

Ag-85B conjugated NPs. This observation can be justified as ESAT-6 (MW 6 kDa) is 

about 5-6 times smaller than Ag-85B (MW 32-34 kDa). The DDAB, which was 

added in the formulation as adjuvant to enhance immunogeriicity of proteins, altered 

positively the proportion of particles diffusing through the mucus. This effect can be
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justified with an argument that the surface charge of the particles is one of the 

governing factors in mucus penetration and near neutral particles diffuse through 

mucus very fast (Lai 2009). The amount of DDAB added during the fabrication 

process was optimized with this concept. Various proportion of DDAB was added 

during Nano particle synthesis (0.1 % w/w to 10% w/w). 5% w/w DDAB gave zeta 

potential around 3 ± 2 mV when compared to -5 ± 2 mV when no DDAB added.

Another noticeable finding of this experiment is a change in diffusive particles 

percentage in the case of Ag85B. A remarkable increase (from 51.17% to 73.30%) 

was found in diffusible particles when DDAB was added to the formulation. Several 

reports on study of Ag-85B indicated that Ag85B makes a complex with DDAB and 

this complex is responsible for enhance immunogenicity of Ag- 85B (Brandt 2000, 

Doherty 2002). This complex might be one reason for diffusive movement of Ag85B 

conjugated NPs in mucus even though with large molecular weight of the protein.
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