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1. Introduction  

Porous Si (pSi) was discovered by Uhlir in 1956 at Bell Laboratories, USA. He 

discovered it accidentally while electrochemically polishing silicon wafers in hydrofluoric acid 

(HF) to use them in microelectronic circuits.
1 

Under the conditions used, the silicon wafer did not 

dissolve uniformly, and a porous morphology was not noticed at that time.  Later, this material 

gained interest  because of its high surface area, as a substitute for crystalline Si surface for 

spectroscopic studies.
2
 In 1971, Watanabe and Sakai reported the porous nature of Si etched in 

HF.
3
 In 1990, Ulrich Gosele and Volker Lehmann identified quantum confinement effects in the 

absorption spectrum of pSi.
4 

During the same time period Leigh Canham discovered a bright 

visible photoluminescence attributed to quantum confinement effects associated with 

nanocrystalline Si domains within the pore walls.
5
 After these discoveries, pSi has gained 

extensive interest because of its potential optoelectronic properties.
6 

pSi has flourished in several 

other fields: biomedicine,
7
 diagnostics,

8 
cosmetics,

9 
food & nutrition,

10
 because of high surface to 

volume ratios, tunable porosities, ease of surface modification and biodegradability. 

            Both bottom up and top down fabrication methods are available to make pSi structures. 

‘Top down’ methods involve chemical etching of solid silicon feedstock and ‘bottom up’ 

methods involve chemical conversion of silica to silicon.
11

 Conventional top down methods 

along with alternative bottom up methods will be discussed in this chapter.  

1.1. General pore classification of solids 

          Porous solids are classified according to the accessibility of pores to the surrounding 

medium.
12 

The following is a list of common pore types: interconnected open pores, open pores 

at two ends (passing/ through pores), open pores at one end (dead-end pores), and pores that do 

not have access to surrounding medium (closed pores).
13
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Figure1. Pore classification scheme: interconnected pores a), passing/ through pore b), dead-end 

pore c) closed pores d). Adapted from ref 12. 

Open pores are accessible to the surrounding medium, some are open only at one end (a &c), and 

some are open at two ends (b). Of these, dead end (c), and interconnected open pores are 

common in porous solids. Closed pores (d) are typically formed when collapsing open pore walls 

are exposed to high temperatures.   

1.2.   Pore size classification in porous solids 

         Based on IUPAC recommendations for characterization of porous solids, porous materials 

are classified based on their pore size diameter. Pore diameter is defined as the average distance 

between pore walls. This classification does not contain any information of pore morphology e.g. 

geometry, orientation, interconnectivity of pores, etc. Porous materials classification, according 

to IUPAC, is as follows: microporous (˂ 2 nm), mesoporous (2-50 nm), and macroporous (˃ 50 

nm).
14 

1.3.      Fabrication methods of pSi 

1.3.1. Anodic etching 

          Anodic etching of silicon refers to the formation of pores in crystalline Si (typically in 

wafer form) under an anodic bias in a fluoride-based electrolyte solution. Anodization conditions 

play a major role in determining the porosity, pore size and morphology of a given porous Si 
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film. These conditions include: current density, type of dopant, doping concentration, crystal 

orientation, electrolyte composition, and duration of the etching process etc.
15 

A typical 

anodization setup is shown in Fig.2. An electrochemical cell comprised of an inert cathodic 

counter electrode (usually platinum) and silicon working electrode (anode). Addition of a 

wetting agent to the electrolyte solution (methanol or ethanol) improves the dissolution process 

by removal of H2 gas produced during the etching process. In general, porosity values between 

10-80% with a wide range of pore sizes (micro, meso and macro) can be obtained by varying the 

electrochemical parameters.
16,17

 

 

Figure 2. Schematic diagram of Si anodic etching. 

          Earlier studies have focused on optimizing the Si porosities by changing the current 

density during the anodization. Fig. 3 shows change in porosity of Si wafer with current density. 

These Si wafers were boron doped (p++) with a resistivity of 0.00055–0.001Ω.cm, with 100 

crystallographic orientation and the etchant was aqueous hydrofluoric acid (HF, 48%)/ethanol 

solution. Fig 3a-(i), 3a-(ii), and 3a-(iii) shows SEM images of silicon wafer etched at current 

densities of 5.7 mA cm
2
, 28.4 mA cm

2
 and 56.8 mA cm

2 
resulted in pore sizes ranging from 22-
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33 nm, 27-42 nm, and 34-58 nm respectively. Fig. 3(b) shows change in porosity with increased 

current densities.
16

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure3. a) SEM images of porous wafers etched at different current densities. Scale bars are 

500 nm. b) Graph of the variation in the porosity versus the current density. Adapted from ref 16. 
 

           Other important parameters to optimize the porosity are dopant type and dopant 

concentration. Lehmann et al. studied the dependency of pore size and porosity on dopant type 

and doping concentration.
17 

Micro pSi is produced by electrochemical etching of n-type wafers at 

a low dopant concentration of 10
16

 cm
− 3

. Etching p- type Si wafers at moderate to high doping 

levels (10
17

 cm
− 3

- 10
20

 cm
− 3

) showed formation of meso pSi structures. In the case of n-type 

silicon wafers it is found that with increased doping density there is an increase in porosity 

within the Si films. This phenomenon was also observed by Herino et al.  where they found that 

porosity obtained for n-type substrates are  highly sensitive to doping level compared to the p-

type substrates.
18 

In this study Herino et al. reported different porosities of Si films prepared 
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under the same conditions (15% HF, at a current density of 30 mA/cm
2
) on n-type substrates 

with different resistivities.  For a 1 µm thick Si wafer with varied resistivities the following 

porosities were reported: 50% for 0.007 Ω.cm, 25% for 0.015 Ω.cm, and only 15% for 0.030 Ω. 

cm. The observed porosity differences were large, for a low decrease in doping level, when 

compared with p-substrates; the difference in porosity is 10% with change in dopant 

concentration by factor of 10. Fig. 4 shows the porosity dependence of dopant type at different 

current densities. p-type and n-type silicon wafers with resistivities of 0.01 Ω.cm were etched 

with HF (25% V/V). p-type showed larger porosities compared to n-type layers.  

 

 

 

 

 

 

 

 

 

Figure4. Comparison of porosity values of layers formed on heavily doped p-silicon and on 

heavily doped n-silicon, as a function of forming current density. Adapted from ref 18. 

 

            Chemical dissolution of silicon under anodic bias takes place by the following 

mechanism. When a positive current is passed through the silicon electrode, chemical dissolution 

of silicon takes place by diffusion of the holes to the surface. During this process, fluoride ions 

(F 
-
) from the electrolyte solution, replace the superficial H atoms to create neutralized Si-F 

bond. Following this process, a new F
 -

atom binds to the Si atom at a different position and 
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produces hydrogen gas. As this reaction progresses Si–Si bond weakens by the strong 

electronegativity of F
 -
 atoms through nucleophilic attack. Pores are generated as a consequence 

of dissolution of Si (in the form of SiF6
-2

) from the surface.
19

 

 

 

 

 

 

 

 

 

 

Figure 5. Mechanism of electrochemical etching of silicon in hydrofluoric acid (HF). Redrawn 

from ref 19. 

 

1.3.2. Stain Etching 

            Stain etching refers to the etching of silicon in absence of power supply where a chemical 

oxidant acts as a hole (h
+
) injector.

20
As in the case of anodization, fluoride ion is needed as an 

etchant which can be supplied by HF. By far the most commonly used oxidant is HNO3.Therate 

of the etching is optimized by changing several parameters: etchant composition, time of etch, 

intrinsic properties of silicon (dopant type and dopant density) and temperature.
21 

The most 

commonly-used etchant composition is HF/HNO3/H2O.
22

 The mechanism of etching process is 

defined in two steps. The first step is injection of the holes into the valence band of the silicon by 

reduction of nitric acid (with oxidation of silicon to silica) at the cathode (eq 1); the second step 

is dissolution of formed silica at anode (eq 2 and 3). The overall reaction is written in eq 4, 

where n is the average number of holes required to dissociate one Si atom.
23
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Cathode: 4HNO3 + 12 H
+
 4NO + 8H2O + 12 h

+                                                                            
(1) 

Anode: 3Si + 6H2O + 3nh
+
 3SiO2 + 12H

+
 + 3(4 – n)e

-                
                                      (2) 

3SiO2 + 18HF  3H2SiF6 + 6H2O                                                                                          (3) 

Overall: 3Si + 4HNO3 + 18HF  3H2SiF6 + 4NO + 8H2O + 3(4–n)h
+
 + 3(4–n)e

-
              (4) 

          Metal assisted chemical etching (MACE) is based on the dissolution of the silicon by HF 

in presence of a metal oxidant. Usually a noble metal is used in this process that catalyzes the 

reduction of oxidant. This process dissolves the silicon underneath the metal much faster than the 

silicon without metal coverage.
24 

Metal particles are deposited on the silicon substrate as 

nanoparticles, or thin films by using chemical vapor deposition, or by sputtering.
25

After 

deposition of the metal on the silicon substrate, it is placed in the etchant solution (typically 

HF/H2O2). The metal particles reduce the oxidant and produce the holes at cathode (eq 5). The 

holes are then injected into the valence band of Si at the interface between metal and silicon 

substrate. Various mechanisms were proposed for dissolution process of silicon (anode reaction). 

Of which, most widely accepted Si dissolution mechanisms are given in eq 6, and eq 7 

respectively .
26 

The overall reaction shows dissolution of silicon in the form of H2SiF6 along with 

hydrogen evolution (eq8). As the reaction proceeds, pores are formed while metal particles sink 

into the Si pores.
27 

Fig. 6 shows a schematic diagram of metal assisted etching. 

Cathode: H2O2 + 2 H
+
2H2O + 2 h

+                                               
(5) 

Anode: Si + 4h
+
+ 4HF → SiF4+ 4H

+                                                                                                                                  
(6.1) 

SiF4+ 2HF → H2SiF6                                                                                                                                                                       (6.2)     

Si + 4HF2
−1

  + 2 h
+
→ SiF6

−2  
+ 2HF + H2↑                                                                                 (7)  

Overall: Si +H2O2+ 6HF →2 H2O + H2SiF6+H2↑                                                                      (8) 
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Figure 6. Schematic diagram of metal assisted etching shows metal deposition and pore 

formation 

 

          As in case of stain etching, etch rate and morphologies created after the MACE depends on 

etchant composition, metal type and  its shape, distance between the metal particles, intrinsic 

properties of silicon substrate, and temperature etc.
28

 Fig.7 shows pore morphologies created 

with different noble metals. p-type Si wafer with (100) crystallographic orientation was used in 

these studies with an etchant composition of HF/H2O2/H2O. Fig. 6a shows Au particles deposited 

on a silicon wafer after etching and Fig. 6b shows Pt particles deposited silicon wafer after 

etching.
29, 30

 

 

 

 

 

 

Figure 7. a) Au particles deposited on the silicon wafer after etching for 1 hr, and b) Pt particles 

deposited on the silicon wafer after etching for 5 min. Adapted from ref 29, 30. 

 

          In these two individual studies the following results were reported. The pores on Si 

substrates etched in the presence of Pt were surrounded by a porous layer, whereas there is no 

observable porous layer found around the etched Au-coated substrates. Also the etch rates were 

faster with platinum over gold. There is no solid explanation on how these metals cerates the 
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differences in the etch morphologies and rates but this can be attributed to the catalytic activity 

of the noble metal for the H2O2 reduction.
30 

1.3.3. Reducing silica to silicon 

1.3.3.1. General concepts  

            The primary means of producing metallurgic silicon from silica is carbothermal reduction 

at ˃2000 °C.
31 

Silicon liquefies at these high temperatures, and associated morphologies with 

silica will be destroyed.
32 

In order to preserve any porous morphologies of silica, fabrication 

methods that involve low operating temperatures are needed. As an alternative route to 

electrochemical etching methods, the chemical conversion of porous silica to silicon by using a 

metal reducing agent at low reaction temperatures is gaining more attention.
33 

Magnesium is a 

commonly used reducing agent to reduce silica to silicon, other alternative agents are calcium 

and lithium.
34 

Nohira et al. showed conversion of silica to silicon at temperatures lower than 

≤850 °C via electrochemical reduction using calcium in a molten salt bath electrolyte.
35

 

Yasuda et al. were able to produce sponge like silicon structures at molten temperatures of 

500 °C using lithium as a reducing agent. However, the silicon products formed by these 

electrochemical reduction methods did not retain their nanoscale morphology.
36 

1.3.3.2. pSi derived from biogenic sources 

             Magesiothermic reduction from the rice husks was first introduced in 1980 by two 

groups, Banerjee et al. and Bose et al.
37,38 

They were trying to fabricate solar grade solid 

silicon from rice husks and they found that the purity of their final product was inadequate  to 

build a solar cell. Unlike electrochemical reduction methods, use of magnesium as a reducing 

agent can lower the reaction temperature to the range of 550-650 °C. By using low reduction 

temperatures, pore morphologies from silica can be retained while silicon is formed.
32 
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Later, in 2007 Bao et al. converted Aulacoseira silica diatom frustules to microporous silicon 

diatoms using magnesium as a reducing agent.
33 

Various forms of biogenic silica feedstocks 

(diatoms, rice husk ash, Equisetum arvense etc.) have been used so far to reduce silica to silicon 

by magesiothermic reduction.
39-43 

1.3.3.3. Details of magnesiothermic reduction process 

            Magnesiothermic reduction is highly exothermic in nature (ΔH = -546.42 kJ/ mol).
47 

The 

magnesiothermic reduction reaction occurs as written below: 

  SiO2  (s)  + 2 Mg  (s)   
Δ        

Si (s)  +  2MgO (s)                                                                 (9) 

          During the reaction, temperature of the reaction is raised up to 800 °C, which might lead to 

collapse of porous morphologies and agglomeration. To overcome this problem a thermal 

moderator can be used to scavenge the heat produced by reduction. When sodium chloride 

(ΔHfusion = 28.8 kJ/mol), 
48  

is used as thermal moderator, the heat produced is used to melt NaCl 

rather than fuse of Si.
49,50

 

           The completion of the reduction process (Silica to silicon conversion) depends on the 

homogeneity of the reactant mixture. In a typical vapor-transport reaction, silica precursors are 

located at a distance (1-2.54 cm) 
44,45 

from magnesium in the oven, as ‘Mg’ vapor diffuses to 

react with silica, the reaction proceeds by forming three inhomogeneous phasesMg2Si 

(magnesium silicide), Si and unreacted SiO2.
46  

Products near the Mg source convert to Mg2Si 

(eq 10), while the SiO2 far from Mg source will not be reduced. The following reaction shows the 

formation of unwanted Mg2Si impurities. This can be avoided by premixing of all the reactants.
46

 

Si  (s)  +  2 Mg (g)   Mg2Si  (s)                                                                                          (10)                                                                                 
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Micro and mesoporous silicon structures have been fabricated using magnesiothermic reduction 

with high surface areas up to 500 m
2
/g in the presence of a thermal moderator.

49-51 
Fig. 8 shows 

SEM images of pSi structures derived from rice husk, silica spheres and diatoms.  

Figure 8. SEM images of pSi pore morphologies obtained by magnesiothermic reduction of a) 

rice husk, b) silica spheres and c) diatoms at a temperature of ~650 °C using NaCl as thermal 

moderator. Adapted from references 39, 41 and 42. 

 

1.4.   pSi as a Biomaterial 

           Porous silicon is a promising biomaterial for a broad variety of applications: in vivo 

biosensors, tissue engineering, and drug delivery.
51-53 

Biocompatibility and biodegradability of 

the pSi is attributed to its unique physicochemical properties. These properties include porosity, 

pore size, Si feature size, and surface chemistry.
54

 

           In vitro biodegradability of pSi was first identified by Canham et al. in 1995,
55 

Later 

Anderson et al. showed anodized porous Si films release orthosilicic acid Si(OH)4)upon 

dissolution at physiological conditions. 

           Their studies showed complete degradation of mesoporous Si films (1 µm thickness) with 

high porosity (70 %) in simulated body fluid (SBF) within a day (Fig. 9).
56 

Reffitt et al. showed 

orthosilicic acid (Si(OH)4) was readily absorbed in the gastrointestinal tract and non-toxically 

eliminated via urine from the kidneys.
57
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Figure 9. Dissolution kinetics of porous silicon at simulated physiological conditions. Medium 

(62%) porosity film (white); high (83%) porosity film (grey); and very high (88%) porosity film 

(hatched). Adapted from ref 57. 

 

          Along with porosity and surface chemistry, pore size also alters the degradation kinetics of 

the pSi matrix. Degradation profiles of pSi modified with commonly used surface linkers were 

studied by Godin et al.
58 

This study shows that the degradation of pSi particles is faster in case of 

large pore size particles (30-50 nm) compared to 10 nm size pores. Degradation kinetics of pSi 

particles (pore size 30-50 nm) conjugated with polyethylene glycol (PEG) with varying 

molecular weights (245, 333, 509, 686, 1214, 3400, and 5000 Da) showed slow degradation rates 

with increasing molecular weight and that half-life of the matrix can be prolonged up to 3 days in 

case of PEG 5000 linker (Fig.10). 

           In the same study Godin et al. also showed in vitro biocompatibility of polyethylene 

glycol (PEG) and (3-aminopropyl)triethoxysilane (APTES) functionalized pSi particles. 

Mesoporous Si particles of this type showed good biocompatibility with no induced release of 

pro-inflammatory cytokines in THP1 human macrophages.
58 
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In vivo biocompatibility of pSi subcutaneous implants were assessed by Bowditch et al.
59

 After a 

26 week evaluation they found that these implants were biocompatible with no observable 

inflammation, fibrosis, and necrosis in the vicinity of implant. Park et al. also showed that in 

vivo degradation of the anodized pSi nanoparticles (120 nm) renally cleared in the form of 

silicic acid within 24 h, with no evidence of toxicity in a mouse model.
60

 

 

 

 

 

 

 

 

 

 

Figure 10. Degradation kinetics of PEG functionalized pSi microparticles: Graph shows total Si 

contents released to the degradation medium vs time (in PBS pH 7.2). Adapted from ref 58. 

 

1.4.1. Porous silicon as drug delivery carrier 

             The fabrication routes of pSi provide construction of nanostructured materials with high 

surface area to volume ratios, controllable pore sizes, along with different pore morphologies. 

These features offer loading of high drug payloads within the porous matrix. A wide variety of 

convenient surface modification techniques allows delivery of the drugs to specific areas, co-

delivery of drugs.
61,62

 By tuning the surface chemistry the release rate of the drugs can be 

controlled along with the resorption rate of the pSi matrix.
63 
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             A number of critical review articles have been published regarding the reactivity of pSi 

with drugs, drug loading methods, and range of payload molecules (antimicrobials, anticancer, 

proteins etc) loaded into pSi.
64-67

 This section highlights some of the studies on the reactivity of 

pSi, brief discussion on commonly-used loading methods, and recently published literature 

reports on pSi as drug delivery carrier. 

            One of the main challenges of loading drugs into pSi is its highly reactive hydride 

SiySiHx (x + y = 4) species. These surface functionalities shown to have undesirable reactions 

with some drugs and bioassays leading to degradation of drugs or false positive results. Wu et al. 

showed degradation of daunorubicin, an anticancer drug by pSi reactivity (reducing ability).
68 

Laaksonen et al. showed that the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was reduced by pSi instead of cellular reductase enzymes 

(NAD(P)H-dependent cellular oxidoreductase enzymes), lead to false positive results for the 

MTT assay.
69

 

             The unwanted reactivity of pSi can be overcome by surface passivation methods. The 

most commonly used methods for surface passivation are oxidation, hydrosilylation, and thermal 

carbonization.
70 

Oxidation of the pSi is achieved by liquid phase oxidation by using chemical 

oxidants and thermal oxidation. Thermal oxidation (˃ 700 °C) has dominated in the literature for 

drug delivery applications because of its simplicity and ability to produce relatively stable oxide 

with better stability in aqueous media.
71

 

            The common approaches to load an active therapeutic into pSi is by confining the active 

payload into the pores by physical entrapment, immobilizing them by covalent attachment, and 

by spontaneous adsorption.
72 

In case of the physical entrapment the drug is forced to remain in 

the pores where it physically blocks the pore openings. On the other hand covalent attachment 
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onto the pSi surface provides stronger chemical interactions between the payload and the surface, 

and this method provides a means of attaching cleavable linkers for site specific drug delivery. In 

the case of adsorption the surface charge and hydrophobic or hydrophilic nature of the surface 

were taken into account to spontaneously adsorb same polarity molecules and oppositely charged 

payloads onto the surface of pSi (eg. proteins).
73

 Covalent attachment and physical entrapment 

methods showed prolonged release of payload molecules for days to weeks (eg. daunorubicin, 

cobinamide, rhodamine B).
74-75

 Whereas spontaneous adsorption method due to its weak 

interactions between the pSi surface and the payload, showed rapid release (few hrs) of payloads 

(ibuprofen).
77

 

           pSi based drug delivery systems have been used for various applications: to increase the 

stability and bioavailability, sustained release, targeted release, and in some cases for  multistage 

drug release.
78

 Some representative studies are listed here.  

          pSi for the improved bioavailability of drugs was studied by various groups. Salonen et al. 

studied dissolution behavior and subsequent release of drugs before and after loading into pSi.
79 

They have loaded five model drugs (antipyrine, ibuprofen, griseofulvin, ranitidine and 

furosemide) with varied solubility profiles into the thermally carbonized pSi microparticles and 

their subsequent release behavior. They found that with poorly dissolving drugs (ibuprofen, 

griseofulvin and furosemide), loading into the mesoporous microparticles clearly improved 

dissolution. When the dissolution rate of the unloaded drug was high (antipyrine, and ranitidine), 

the microparticles caused a slightly delayed release.  

           Along with drug molecules, various vitamins and nutrients were also loaded into pSi to 

increase their stability and bioavailability. Some of the examples reported include, vitamin B9, 

lycopene and coenzyme Q10.
80 
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           pSi for sustained release of active therapeutics was studied on various disease models and 

one of the most extensively studied classes of agents are anticancer drugs. The following are 

selected examples of studies in this category. Coffer et al. studied the in vitro release of cisplatin, 

carboplatin, and ethylenediaminedichloro platinum within porous Si layers capped by calcium 

phosphate.
81 

Vaccari et al. studied the in vitro release of doxorubicin-loaded porous silicon for 

the controlled release of the drug for killing adenocarcinoma cancer cells.
82 

Gu et al. developed 

luminescent pSi particles loaded with superparamagnetic iron oxide nanoparticles and 

doxorubicin to magnetically guide the luminescent particles for in vitro delivery of this drug to 

treat cervical cancer.
83

 Another drug release model  is based on antibody modified pSi-

camptothecin to target neuroblastoma, glioblastma and B lymphoma cells developed by Secret et 

al.
84

 

            Another area that is extensively studied for pSi based sustained drug delivery is to treat 

microbial infections. In vitro model system for pH-triggered release of the antibiotic vancomycin 

from porous Si films were studied by Perelman et al.
85 

pH-responsive delivery devices composed 

of pSi drug reservoirs capped with dual polymer layers composed of poly(1,7-octadiene) (POct) 

and PAAc were used to release levofloxacin (LVX), a broad spectrum antibiotic for 

Pseudomonas aeruginosa infections.
86 

Sustained delivery of antibacterial agent triclosan to 

inhibit the bacterial growth was investigated by Wang et al.
88 

Sustained antifungal activity from 

a ketoconazole loaded nanostructured mesoporous silicon was studied by Tang et al.
87

 

            Another area of interest is using pSi as a protective agent to minimize the toxicity of 

loaded drug or molecule of interest. Here is a detailed study that describes the use of pSi as a 

protective agent to load the toxic bacterial proteins to treat the bacterial infections. Recently 

Kwon et al. developed pSi based delivery of an anti-infective peptide for Pseudomonas 
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aeruginosa lung infections.
88 

They synthesized a bifunctional peptide called lactoferrin-dKK 

(LACT-dKK), where LACT (lactoferrin) peptide (KCFQWQRNMRKVRGPPVSCIKR) can 

interact with the bacterial membrane and dKK, (D(KLAKLAK)) acts as a bacteriotoxin that can 

kill bacteria upon physical interaction with bacteria.
88

 In order to minimize the toxic effects of 

this peptide they localized the peptide cargo (LACT-dKK)into pSi nanoparticles. Peptide was 

loaded into pSi particles by infiltration where cationic peptide is bound to the anionic 

phosphonates on the pSi particles (Fig 11a). Fig 11b shows in vitro release of the peptide from 

pSi matrix within 24 h (PBS. pH 7.2).  

 

 

 

 

 

 

 

 

 

 

Figure 11. a) Loading of the peptide (LACT-dKK) into the pSi, b) release of peptide from pSi 

matrix, c) 24 h survival rate of mice (treated with PBS, pSiNPs, and peptide- pSi particles), d) 

Bacterial count per lung after treating with PBS and peptide-pSiNPs. Adapted from ref 88. 
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             The release trend matches with the degradation behavior of pSi nanoparticles. Mice were 

infected with 1 × 10
3
 CFU P. aeruginosa / mouse to establish lung infection. Sample solutions 

were injected via a catheter into the trachea of the mice. They showed high survival rate of mice 

within 24 h in case of pSiNP-peptide treated mice (Fig. 11c). By contrast, they observed 

increased cytokinine production and evidence of damage in the lungs at 4 h after administration 

of free peptide. Fig. 11d shows the utility of this peptide–pSiNP platform in vivo, the untreated 

mice had high titer count per lung, whereas mice treated with peptide–pSiNP had lower count 

per lung.
88

 

           In this study the authors have developed an anti-infective nanomaterial with two 

functions: biodegradable pSi that localizes the toxic payload within the porous matrix to 

minimize the toxic effects and a novel tandem peptide cargo to localize the toxic payload to 

bacterial membranes. They have also shown that clinical isolates from human lung infections 

were susceptible to this peptide, which supports that this agent could be applied to other strains 

of P. aeruginosa. 

1.4.2. pSi as a biosensor 

            pSi with its large surface area, adjustable pore size, tunable degradation, ease of surface 

modification, and biocompatibility makes it a versatile material for chemical and biosensing 

applications. Various biosensors were developed for detection of proteins, enzymes, and DNA.
89-

91 
Most of these pSi based signal transduction methods were optical, electrochemical, and 

electrical. Some of the applications related to biosensing are detailed here. 

           Lugo et al. fabricated a pSi based electrochemical device that senses hybridization of 

DNA.
92 

Nucleic acid (probe DNA) modified pSi electrodes were used to signal the hybridization 
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process by voltammetry using Ru(bpy)3
+2

 as an electrochemical redox indicator. The assay was 

developed based on the following principle. Under an applied potential, Ru(bpy)3
2+

 is oxidized 

to Ru(bpy)3
3+

 on the pSi electrode (eq 11). Hybridization happens after addition of 

complimentary DNA, and the guanine residues on the complimentary DNA then reduces 

Ru(bpy)3
3+

 to regenerate Ru(bpy)3
2+ 

(eq 12). At a given Ru(bpy)3
2+

 concentration, the increase 

in the current is thus proportional to the concentration of guanine residues (and thus the 

concentration of target DNA).Oxidized pSi (p-type, 0.008-0.01Ώ) was modified with 3-

glycidoxypropyltrimethoxysilane to covalently immobilize DNA onto the pSi surface. In order to 

prevent the reaction of Ru(bpy)3
+2 

 with the guanine residues of probe DNA, guanine  is replaced 

from the probe DNA with a sequence of inosine. DNA (probe)modified pSi electrode was used 

as a working electrode, Ag/AgCl as the reference electrode, platinum wire as the counter 

electrode and Ru(bpy)3
+2 

was mixed into the electrolyte solution. When a known concentration 

of complimentary DNA sequence was exposed to the working electrode, DNA on the working 

electrode undergoes hybridization with complementary DNA. As a result increased current is 

observed because of electron transfer from guanines of hybridized DNA strand to Ru(bpy)3.
+2

 

Ru(bpy)3
2+

→ Ru(bpy)3
3+

 + e
−                                                                                                                                

(11) 

Ru(bpy)3
3+

 + DNA→ DNAox(inosine) + Ru(bpy)3
2+

                                                             (12) 

           Massad-Ivanir et al. developed a label free biosensor for rapid and selective detection of 

E. coli from the food industry process water.
93 

The biosensor is based on a nanostructured, pSi 

Fabry-Pérot thin film. When white light is shined on pSi films, an optical interference pattern 

arises from the constructive and destructive interference of light from the porous layer. They 

used this property of oxidized porous silicon (pSi) thin films to detect bacteria of interest. pSi 
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was functionalized with specific antibodies against E. coli. Fig.12 shows the IgG-modified pSi 

scheme. When the biosensor (IgG-modified pSi film) was exposed to a water sample (Fig. 12 b) 

the change in spectral reflectivity was collected. When E. coli binds to the pSi biosensor films 

they observed a decrease in the amplitude (intensity) of the reflected light (Fig. 12c) due to the 

change in optical interference. The biosensor demonstrated a measured LOD of 10
3 

cells/mL 

with a total assay time of 45 minutes.
 

            The authors showed use of this optical biosensor for sensing E. coli in real time processed 

food industry water without any pre enrichment or prior treatments with a low detection limits. 

The lack of onsite and real time detection of currently available biochemical kits, ELISA 

(enzyme linked immunosorbent assay) and PCR (polymerase chain reaction) can be achieved by 

rapid and selective detection of these portable biosenors.  

Figure 12. a) pSi immobilization with E. coli antibody on streptavidin functionalized pSiO2 b) 

antibody -antigen interactions upon adding water samples c) decreased amplitude (intensity) of 

the FFT peak of the porous film d) optical microscopy images of cells captured onto the 

biosensor. Adapted from ref 93. 
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1.4.3. pSi in tissue engineering 

           Over the past few years substantial studies have been reported on pure pSi scaffolds and 

pSi/ polymer composites as cell growth supporting materials,
94 

transplantable scaffolds (eg: bone 

and eye),
95,96 

and drugs reservoirs.
97 

Some of the   early studies on bone tissue engineering were  

presented here.  

          The bioactivity of microporous silicon was first studied by Canham et al.
55

 They showed 

that porous films were shown to induce hydroxyapatite ( Ca10(PO4)6(OH)2, Ca/P ~1.67) growth 

for days to weeks. The slow degradation of pSi films to Si(OH)4 has been shown to stimulate 

calcification with a negligible inflammatory response in vivo.
55

Also silicic acid has been shown 

to promote the differentiation in human osteoblastic cells in vitro.
98 

These investigations led pSi 

to be investigated as a promising biomaterial for bone tissue engineering.  

 

 

 

 

 

 

 

 

Figure 13. a) Osteoblast adhesion on macroporous Si, b) formation of collagen 1 fibrous matrix 

on macroporous silicon, c) formation of bone apatite like material confirmed by EDX. Adapted 

from ref 99. 
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             Several groups targeted the use of pure pSi and pSi/polymer scaffolds for bone tissue 

engineering. Sun et al. studied osteoconductivity of pSi samples with three different pore sizes < 

15 nm, 50 nm, and 1 µm.
99

 They observed macroporous Si(pore size ˃ 1µm) displays promising 

osteoconductivity with better osteoblast adhesion, metabolic activity, protein synthesis, and 

mineralization compared to mesoporous Si. In this study the authors observed that the 

degradation of macroporous Si chips were very slow compared to mesoporous Si chips. 

            High resolution SEM images (Fig 13a, 13b) show the presence of a fibrous mesh, 

attributed to collagen type 1, which is a major bone protein matrix. The extra cellular matrix 

(ECM) layer deposited by the osteoblasts on macro pSi shows formation of apatite like material 

with a Ca/P of 1.72 (Fig.13c, EDX). 

            A few early studies on pSi/PCL composites as bone tissue engineering materials were 

based on orthopaedic implant materials and devices comprising porous and or polycrystalline 

silicon by Anston et al.
99

 and in vitro calcification behavior, and fibroblast viability, proliferation 

in the presence of pSi (1-5% by mass) and porous PCL sponge composites by Coffer et al.
100

 

1.5.    Summary 

          An overview of fabrication methods to create pSi structures, preliminary studies on 

biodegradable and biocompatible nature of pSi, along with some of the key advances on pSi as 

biomaterial for variety of applications (drug delivery, biosensing and tissue engineering) were 

discussed in this chapter. Subsequent chapters will focus on a new alternative eco-friendly route 

to the fabrication of pSi nanostructures from silicon accumulator plants for drug delivery 

applications.  
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Chapter II 

Fabrication of Plant Derived Porous Silicon Powders from 

Bambuseae and Equisetum telmateia 
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2.1.  Introduction 

         In Chapter I, an overview of currently-available methods for pSi fabrication was presented.  

Among those methods, the most conventional for preparing mesoporous silicon particles are 

anodization of silicon wafers, followed by metal-assisted etching. These established techniques 

require elemental crystalline silicon feedstocks, and the use of corrosive hydrofluoric acid (HF) 

and organic solvents. Rather than employing these methods that use corrosive reagents and 

expensive Si starting materials, we are investigating the eco-friendly alternative of producing pSi 

from silicon accumulator plants/agriculture waste. Multiple plants typically absorb bio-available 

silicon in the form of organic silicates such as orthosilicic acid (Si(OH)4) which helps the growth 

and stability of skeletal structure of these plants along with increased resistance to disease.
101,102 

Some of the well-known classes of silicon accumulator plants are horsetail (Equisetum), rice 

(Oryza), and bamboo (Bambuseae). Among these plants tabasheer, a component of the nodal 

joints of the bamboo plant, has a relatively high content of silica (90% ash content) compared to 

other two silicon accumulator plants which contain about 25% silica (ash content).
103,104 

           In this Chapter, the use of tabasheer as a cost effective feedstock to create high surface 

area pSi powders by using magnesiothermic reduction is described. Using this eco-friendly and 

cost-effective method, we have compared the structure and composition of pSi particles derived 

from the bamboo component tabasheer, along with the wild grass horsetail. The preparation of 

porous silicon from silicon accumulator plants includes the following steps: purification of raw 

material, extraction of silica, reducing silica to silicon and final purification method to remove 

soluble impurities. The purified product was characterized by a combination of scanning electron 

microscopy (SEM), energy dispersive X-ray analysis (EDX), transmission electron microscopy 

(TEM) X-ray diffraction (XRD), Raman spectroscopy, Fourier-transform infrared spectroscopy 
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(FT-IR) and low temperature nitrogen gas adsorption measurements. In addition to fabrication 

and characterization of pSi powders, in vitro dissolution behavior of these biogenic pSi powders 

was studied. 

 

 

 

 

 

 

 

 

 

 

Figure 14. Eco-friendly fabrication route for deriving pSi from silicon accumulator plants. a) 

Optical image of ground tabasheer and horsetail powders, b) calcination of ground powders in a 

tube furnace, c) magnesiothermic reaction of calcinated powders, and pure pSi powder obtained 

after washing with 36% HCl.  

 

2.2.       Experimental 

2.2.1.  Purification of raw ground powders  

            Tabasheer powder was obtained from Bristol Botanicals Ltd. (ground commercially-

available pieces using a ball mill). Equisetum telmateia branches were harvested in 2012, 

Malvern, England. Dried plant fronds of Equisetum telmateia (2 g) were coarsely ground to 

reduce the size to ~100 µm. In atypical experiment0.5 g of raw ground powder was suspended in 

30 mL of 10% hydrochloric acid. The solution was stirred constantly at 100 
o
C for 2 h, 
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replenishing the hydrochloric acid every 30 min. After 2h of heating, the product was washed 

with D.I water, filtered and vacuum dried overnight. 

2.2.2. Extracting silica from silicon accumulator plants 

           The above HCl washed powder (0.5 g) was loaded in a quartz boat (1.5x10 cm) and 

calcinated at 500
o
C in the presence of O2 for 2 h in a tube furnace. 

2.2.3.   Magnesiothermic reduction 

           Silica (0.5 g) extracted from a given plant was subsequently converted to elemental 

silicon by simple reduction using magnesium powder (purchased from General Chemical 

Division) in the molar ratio of 1:2 (SiO2: Mg). Sodium chloride (purchased from Sigma Aldrich) 

was added to the above reaction mixture in the ratio of 1:1 by weight. Then this mixture was 

transferred to a quartz boat and heated at a set point of 600 
o
C for 2 h in the presence of argon in 

a tube furnace. 

2.2.4.   Purification of magnesiothermic reduction reaction products 

           After reduction, the residual magnesium phases were removed by heating the reduced 

sample with 37 % HCl at 70 
o
C for 1 h. The final product was washed with D.I water and dried 

in a vacuum oven. 

2.2.5.  Measuring the oxide content 

            The silicon oxide content of Mg reduced pSi powders was estimated by etching pSi 

powders (500 mg) at room temperature for 10 min with 40% HF. After etching, pSi powders 

were washed with ethanol (2x50 mL) and dried in a vacuum oven at 50 °C for 1 h, followed by 

vacuum drying overnight at room temperature. The percent silicon oxide content was calculated 

by a simple gravimetric analysis of pSi samples after etching. 
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2.2.6.    Silicon dissolution assay 

             To measure the extent of pSi powder (tabasheer derived, 25 ± 15 µm size) dissolution, a 

silicomolybdicacid spectrophotometric method was utilized. Three kinds of samples were 

measured for a total of 8 weeks. The dissolution profiles of as prepared pSi were compared with 

that of thermally-oxidized pSi and potassium hydroxide (KOH) etched pSi powders. pSi powders 

were thermally oxidized at 700 °C for 15 min in oxygen. Before etching with KOH (10%) for 40 

min all the pSi samples were oxidized at 700 °C for 15 min in oxygen. All samples (3 mg each) 

were suspended in 0.9% NaCl, placed in an incubator (37 °C), with continuous agitation, by 

replacing NaCl for every week.
105

 

             In a typical assay, 1 mL of the sample from a given time point is mixed with 4 ml of D.I 

water, followed by addition of 1 ml of HCl (aq.) (0.25 M) and 1 ml of ammonium molybdate 

(5%). The solution mixture was stirred for one minute and 10 minutes later a yellow color 

complex developed. Then 2 ml of sodium sulfite (17% w/v) was added to this mixture followed 

by vigorous stirring for 1 min. Finally the solution was allowed to stand for 1 hr. Before 

measuring the absorbance 1 mL reagent grade EDTA (1%) was added. The concentration of 

silicic acid bound to the molybdate species is monitored by the value of its absorbance at 725 nm 

using a UV-Vis spectrophotometer. A standard curve was generated from a series of silica 

standards. The stock solution was prepared by dissolving 17.65g of the stable Na2SiO3.5H2O 

compound in 1 L of water and further diluted to give final concentration of 0.05 mg/mLSiO2. 

 



29 
 

 

Figure 15. Standard curve developed by ammonium molybdate assay using standard silica 

samples, absorbance measured at λmax725 nm. 

 

2.2.7.   Instrumentation 

           The size and morphology of the pSi nanoparticles were investigated by field emission 

scanning electron microscopy (FE-SEM) using a JEOL JSM 7100. Elemental analysis was done 

by using pSi micro particles by electron dispersive X-ray analysis (EDX). TEM analysis was 

conducted with a JEOL TEM 2100 operating at 200 kV. X-ray diffraction was carried out using 

a Phillips 3100 X-ray powder diffractometer with Cu Kα radiation operating at 35 kV. Raman 

spectrometric analysis was performed using a DeltaNu System with a 785 nm laser source. For 

FT-IR studies samples were prepared in the form of KBr pellets (1% w/w sample 

concentration) and analyzed using a MIDAC M4000 series spectrometer. Gas 

adsorption/desorption analysis was carried out by Dr. Armando Loni of pSiMedica Ltd. A 

Beckman DU-64 spectrophotometer was used for measuring absorbance for dissoluble silica 

assays. 
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2.3.    Results and Discussion 

2.3.1. Fabrication method 

          The individual steps of this eco-friendly fabrication route are summarized in Fig 14. An 

initial washing process of the ground plant powder with dilute hydrochloric acid (10%) allowed 

the removal of any metallic residues possibly deposited during the plant grinding process. EDX 

analysis of ground horsetail powder before and after HCl wash is shown in Fig.16 and Fig. 17. 

This data suggests that this acidic wash readily removes a trace amount of KCl deposited on the 

plant material. The dried powder was then calcinated in the presence of oxygen to extract 

biogenic silica from the purified raw plant powder. This process is essential in conversion of all 

the organic silicates into the form of pure silica. Silica extracted from a given plant is 

subsequently converted to elemental silicon by simple reduction with magnesium at a 

temperature of 600 °C in Ar. Magnesiothermic reduction was done using silica and Mg powder 

in a molar ratio of 1:2 (SiO2: Mg).  

 

 

 

 

 

 

 

Figure 16. SEM-EDX analysis on E. telmateia before HCl wash, inset shows the SEM image of 

a particle from ground powder. 
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Figure 17. SEM-EDX analysis on E. telmateia after HCl wash; inset shows the SEM image of a 

particle from ground powder. 

 

         As discussed in Chapter 1, the highly exothermic nature of this reaction between silica and 

magnesium was controlled by adding sodium chloride as a thermal moderator, as well as to 

maintain porosity.
49,50 

The soluble magnesium oxide phases were washed with hydrochloric acid 

(37%) at 70°C for 2h. 

2.3.2. Characterization of pSi powders 

           Scanning electron microscopic analysis of a typical reaction product from 

magnesiothermic reduction shows a wide distribution of particle sizes in case of tabasheer and 

horsetail (E. telmateia) with a mean particle diameter of 24 ±15 µm and 76 ± 32 μm respectively. 

Size of the silica particles before the reduction is tabasheer is 22 ±18 µm and horsetail is 85 ± 35 

µm.  The biogenic silica from tabasheer and E. telmateia fronds retained their shape and size 

during the reduction process. This was confirmed by SEM analysis of porous silica before and 

after magnesiothermic reduction (Fig. 18). Some of the SEM images shown here were pSi 
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powders (derived from E. telmateia fronds) prepared by an undergraduate student working in our 

lab, Sabrie Howell. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. SEM images of a) pSiO2 derived from tabasheer powder, b) pSi derived from 

tabasheer powder, c) pSiO2 extracted from horsetail (E. telmateia) powder, d) pSi derived from 

E. telmateia fronds. 

 

              Individual pores observed in the high resolution SEM image (Fig. 19) confirm the 

presence of pores in the range of 50-100 nm in diameter in case of both tabasheer and horsetail 

derived pSi powders. Pore morphology derived from these individual plants was distinct and 

associated pore morphology was influenced by sub organelles of the leaf and nodes/joints.
106

 

From the EDX analysis shown in Fig. 20 and 21, it is evident that the final product obtained from 

magnesiothermic reduction reaction is ~99% pure with no measurable traces of magnesium. The 

eco-friendly magnesiothermic reduction reaction yielded ~70% conversion of silica/silicon 

derived from tabasheer and in case of horsetail, ~60%.  
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Figure 19. SEM images of: a) Free standing pSi particle derived from tabasheer, b) individual 

nanopores along the pSi particle surface (tabasheer), c) image of pSi particle derived from 

horsetail, d) individual nanopores along the pSi particle surface (E. telmateia). 

  

 

 

 

 

 

 

 

Figure 20. SEM-EDX analysis on pSi derived from tabasheer. 
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Figure 21. SEM-EDX analysis on pSi derived from horsetail. 

 

pSi microparticle morphology from tabasheer and horsetail was further observed by 

transmission electron microscopy (TEM). The following details are observed in both cases of pSi 

samples. These particles are comprised of an aggregate of small nanoparticles, as gauged by the 

transmission electron microscopy images (Fig. 22a and Fig 23a). High resolution transmission 

electron microscopy (HRTEM) analysis reflected the nanostructure features of pSi, where small 

crystalline domains of silicon (4-8 nm) are embedded within the amorphous oxide matrix (Fig. 

22b and Fig. 23b). A lattice spacing distance of 0.310 nm associated with the Si (111) plane is 

clearly evident from Fig. 22c and Fig. 23c. Inset 22c and 23 c, shows FFT (fast fourier 

transform) diffraction pattern and it is consistent with a polycrystalline orientation. 

Along with the HRTEM analysis, the presence of crystalline silicon is evident from X-ray 

diffraction (XRD) and Raman spectroscopy. The XRD spectra shown in Fig. 24 and 25 

correspond to tabasheer derived and horsetail derived pSi powders, respectively. This pattern 
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confirms the formation of highly crystalline porous silicon, with peaks at 2θ = 28°, 47°, and 56° 

ascribed to reflections of (111), (220), and (311) respectively.
107 

Raman spectroscopy displayed 

the presence of characteristic crystalline Si phonon at 521 cm
-1

in both cases (Fig. 26 ).
108

 

 

Figure 22. TEM images of tabasheer derived pSia) low magnification image of free standing pSi 

microparticle, b) high resolution TEM image with a small silicon crystalline domains, inset 

shows FFT diffraction pattern, c) high resolution TEM lattice imaging, inset shows diffraction 

pattern on of silicon nanocrystallite. 

 

 

Figure 23. TEM images of pSi derived fronds of Equisetum telmateia. a) Low magnification 

image of free standing pSi particle and b) high resolution TEM images (scale bar of (a) = 100 

nm; (b) = 2 nm), inset shows FFT diffraction pattern. c) TEM lattice imaging, inset shows 

diffraction pattern on of silicon nanocrystallite. 
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Figure 24.X-ray diffraction pattern of porous silicon derived from tabasheer. 

 

 

 

 

 

 

 

 

 

Figure 25. X-ray diffraction pattern of porous silicon derived from horsetail. 
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Figure 26. Raman spectrum of porous silicon derived from a) tabasheer, b) E. telmateia fronds. 

 

Figure 27. FTIR spectrum of porous silicon derived from tabasheer. 

          The oxide content estimated by etching with hydrofluoric acid (which dissolves the SiO2 

and yields Si), and the gravimetric analysis suggested that there is ~75% of silicon oxide content 

in case of tabasheer.  The presence of a v(Si-O-Si) stretching vibration at 1087 cm
-1

 (FT IR, Fig. 

27) is consistent with significant oxide content in the matrix. Based on the assumption of 
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uniform cylindrical mesopores are present within the porous structure, specific surface area and 

pore size of the mesoporous silicon were determined by employing nitrogen-sorption analysis 

(Brunauer–Emmett–Teller (BET) at 77 K. BET measurements were carried out by a collaborator, 

Dr. Armando Loni of pSiMedica Ltd., UK. pSi derived from magnesium reduced tabasheer has a 

surface area of 178 m
2
/g, a pore volume of ~ 0.5 ml/g, and pore diameter of 11 nm. Fig. 28 

shows the average pore diameter of tabasheer powder before calcination and after reduction. The 

decrease in the pore volume accompanied by increase in the pore size distribution was observed 

after magnesiothermic reduction. This behavior is attributed to slight pore collapse during the 

magnesiothermic reduction. Because of the exothermic nature of the reduction, heat produced by 

this reaction partially collapsed the pores which resulted in reduced pore volume. 

 

 

 

 

 

 

 

 

 

Figure 28. Brunauer–Emmett–Teller (BET) analysis on pSi derived from tabasheer. 

 2.3.3. In vitro dissolution studies of pSi particles 

           One of the important requirements of drug delivery carrier is its efficient clearance from 

body or biodegradation into benign compounds. Dissolution of porous silicon can be described 

by the following two step process. The first step is oxidation of porous silicon followed by 
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complete hydrolysis of the oxide that generates orthosilicic acid, biologically benign compound 

that can be excreted by kidneys. 

 Si  +  2 H2O     SiO2 + 2H2                                                                                                                                               (13) 

 SiO2  + 2H2O   Si(OH)4                                                                                                (14) 

           Kinetics of the dissolution of pSi into orthosilicic acid depends on various 

physicochemical parameters: degree of crystallinity, size of crystalline domains, porosity, 

surface area, pore wall surface chemistry and pore size etc.
109 

Some examples of dissolution 

profiles of anodized pSi and change in dissolution with porosity, pore size and surface chemistry 

were discussed in Chapter 1. Shabir et al. reported complete degradation of amorphous 

hydrogenated silicon colloids of low surface area (˂5 m
2
/g) within 10–15 days at 37°C. 

Solubility was dramatically reduced after conversion of amorphous hydrogenated silicon colloids 

to polycrystalline silicon (grain size 30 nm).
110 

Depending upon the biomedical application the 

biodegradability profiles of pSi can be tuned from hours to months.
111-113 

             In order to understand the biodegradation behavior of plant derived pSi powders, in vitro 

dissolution behavior of as prepared, thermally oxidized, and thermally oxidized followed by 

KOH etched pSi powders were quantified by molybdenum blue-based assay. KOH is a well 

known aniosotropic etchant at preferentially the attacks Si (100) plane and the plane is etches at a 

54.7° angle relative to the Si (111) plane.
114 

To prevent the KOH from etching the porous 

features of Si powders, pSi powders were thermally oxidized to form a thin oxide passive layer 

around the pore walls. Degradation behavior of thermally oxidized and chemically oxidized 

(KOH etch) samples were compared to as prepared pSi to see whether the deliberate oxidation of 

pSi skeleton slows down the degradation behavior. The degradation behavior (8 weeks) of these 
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plant-derived pSi samples is shown in Fig. 29. The cumulative dissolution profile shows that as-

prepared pSi dissolves faster than the thermally-oxidized and KOH-etched samples. After 8 

weeks, 50% of the as prepared pSi was dissolved, whereas thermally oxidized and KOH etched 

samples have similar dissolution profiles with 28%, and 33% dissolution, respectively. In the 

case of thermally oxidized (700 °C) porous silicon, the passive oxide layer formed on the pore 

walls minimizes the exposure of silicon present on pore walls to the surrounding medium, which 

reduces the dissolution behavior of porous silicon. In the case of KOH-etched pSi samples, Si 

oxidizes in presence of hydroxide ions and oxidation further reduces dissolution of silicon. 

 

 

 

 

 

 

Figure 29. Dissolution studies (up to 8 weeks) on pSi samples in 0.9% NaCl solution. 

Table 1. BET analysis on pSi samples (tabasheer derived) used for dissolution studies. 

 

 

 

 
Sample 

 
Surface area 

m
2
/g 

 
Pore Volume 

ml/g 

 
Pore Diameter 

A 

Tabasheer derived pSi 180 0.56 123 

Thermally oxidized pSi(tabasheer) 99 0.39 155 

Thermally oxidized followed by 
KOH(10%) etched pSi 

36 0.26 290 
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         According to BET analysis, as-prepared tabasheer-derived pSi has a relatively higher 

surface area compared to thermally oxidized and KOH etched pSi samples. In case of thermally 

oxidized and chemically oxidized pSi, this decrease in surface area and pore volume can be 

attributed to partial sintering and oxidation of silicon during these processing steps.
77,115

 

2.4. Summary 

           We have shown that Bambuseae (tabasheer) and E. telmateia are excellent sources for 

cost effective eco-friendly magnesiothermic reduction of silica to silicon. The reduction process  

resulted in 70% conversion of silica to silicon  in case of tabasheer, and 60% in case of horsetail 

with a purity of ~99% (no measurable magnesium silicate phases). Careful characterization of 

the material showed that the silicon derived from these plants was highly crystalline, with 

relatively high surface areas. By taking advantage of its nanopore morphology, and high surface 

areas we have studied the application of these pSi powders in delivery applications (discussed in 

next chapters). Preliminary studies on biodegradation of tabasheer derived pSi showed 50% 

degradation within 8 weeks. Additional studies are likely required using a more sensitive 

analytical method (eg. inductively coupled plasma atomic emission spectroscopy (ICP-AES) to 

determine the dissolution profiles more accurately. Ideally, the dissolution rate of these oxidized 

pSi powders can be tuned by different etching chemistries to provide a broader range of 

degradation rates in vitro/in vivo. For example, etching with HF (aq.) reduces the oxide content, 

thereby increasing the dissolution rate of these oxidized pSi powders. 
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CHAPTER III 

 

Loading and Release of Bambuseae Arundinacea Leaf Extract from 

Tabasheer Derived pSi 
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3.1. Introduction 

        In Chapter 2, silicon accumulator plants Bambusae and Equisetum were shown to be an 

excellent source of silica for preparing pSi particles of high purity in competitive yields, along 

with relatively high surface areas. Apart from being an excellent source of silica, the other 

important feature of silicon accumulator plants (Bambusae arundinacea and Equisetum 

telmateia) is that it has been widely reported that the leaves, root, bark or other constituent parts 

possess therapeutic activities used to alleviate medical ailments because of its 

phytochemicalconstituents.
116,117 

One example is the tabasheer component of Bambuseae, used 

primarily in herbal treatments as an antipyretic, antispasmodic, and antiparalytic.
118 

Pharmacological studies on the different parts of the plants Bambusae arundinacea and 

Equisetum telmateia showed that these plants possess a variety of biological activities including 

antibacterial activity.
119,120 

In the case of bamboo (Bambusae bambose L.) preliminary studies 

showed that the ethanolic leaf extracts are active against multi drug resistant (MDR) bacteria.
121

 

            The use of phytomedicines (drugs extracted from plants) has become an alternative to 

conventional therapeutics for treatment of infectious diseases.
122

 The use of plant derived 

extracts for antibacterial activity is gaining more interest because of the combination of more 

than one antibacterial agent present in a single crude extract can provide an intrinsic combination 

therapy.
123 

Taking advantage of these two features (1) excellent source of silica, (2) the presence 

of the bioactive compounds such as antimicrobial agents, our aim is to develop an eco-friendly 

drug delivery carrier matrix where the carrier and the drug derives from a single plant source. 

            This goal is accomplished by fabricating pSi from tabasheer (Bambuseae) and horsetail 

(Equisetum) powders (discussed in Chapter 2) and loading with an extract originating from 

leaves of the same plant. Antibacterial activity of the extract from the Bambuseae plant was first 
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evaluated before loading the extract into the pSi carrier. Extraction of antibacterial agents from 

the leaf and subsequent loading of antibacterial extracts into plant-derived pSi, evaluation of 

sustained release of antibacterials from the drug carrier, and identification process of some of the 

compounds responsible for antibacterial activity are reported herein. 

3.2. Experimental 

 

3.2.1. Collection of plant material 

           The fresh leaves of the plant Bambusae arundinacea were collected in June 2013 from 

Eluru, Andhra Pradesh, India, and examined by Barney L. Lipscomb, systematic botanist from 

Botanical Research Institute of Texas, Fort Worth, TX, USA. Equisetum telmateia stems and 

fronds were harvested from Malvern, Worcestershire, UK in 2012. 

3.2.2. Soxhlet extraction 

         Bambusae arundinacea and Equisetum telmateia leaves were shade dried for two days. In 

the case of Bambusae arundinacea, ground powder (10 g) was extracted with ethanol (100 mL) 

at a temperature of 85-90 °C in a soxhlet extractor. Equisetum telmateia ground leaf powder (5 

g) was extracted with different solvents, petroleum ether, chloroform, ethanol, and water at a 

temperature slightly above (5°C) their boiling point for 3 h. After 3 h the extracts were 

concentrated through the use of a rotary evaporator, and the dry extracts were stored at 4°C for 

further analysis. 

3.2.3. Extraction at room temperature 

          Bambusae arundinacea and Equisetum telmateia ground leaf powders (5 g each) were 

placed in a flask and stirred in 50 mL solvent (chloroform, ethanol, and hexane). After 24 h, the 

stirred leaf powders were filtered and stirred in the presence of equal volumes of solvent. The 

process was repeated every 24 h for a period of 72 h. After 3 successive days of extraction all the 
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extracts were combined and evaporated to dryness in a rotary vacuum and stored at 4 °C until 

further analysis. 

3.2.4. Evaluation of antibacterial activity of the leaf extracts 

3.2.4.1. Test microorganisms 

             The antimicrobial activity of the plant extracts were tested against bacterial strains 

purchased from American Type Culture Collection, Maryland, USA: Gram-positive: 

Staphylococcus aureus (ATCC 25923), gram-negative Escherichia coli (ATCC 25922), and 

fungal strain Candida albicans (ATCC 10231). 

3.2.4.2. Disc diffusion assay 

             Antibacterial activities of the extracts were tested using a disc diffusion assay. The test 

solutions were prepared by dissolving known amount of dry plant extract dissolved in 10 % 

DMSO. Then 60 µL of dry plant extract was placed aseptically on a sterile filter paper disc 

(diameter 6mm) and transferred to an agar plate already seeded with the bacterial culture 

(10
7
 CFU/ml, 24 h). Discs injected with 60 µL of 10% DMSO were used as a negative control. 

Then the plates were incubated at 37 
o
C for 18 h. After the allotted period, the inhibition zones 

formed were measured with a ruler. All experiments were run in triplicate. 

3.2.4.3. Micro broth dilution assay 

             In a 15 mL sterile centrifuge tube 0.5 mL of LB medium (2X concentration) was added 

to 0.5 mL of known amount of the antibacterial compounds (compound 1 and 2) dissolved in 

10% DMSO. To the above mixture 10 µL of overnight microbial culture was added. After 18 h 

of incubation the optical density of the samples was measured at 600 nm. The blank solution was 

prepared by adding 0.5 mL of sterile water to 0.5 mL LB medium (2X).  
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3.2.5. Loading of antibacterial leaf extracts into pSi 

            Leaf extracts that showed antibacterial activity were loaded into pSi powders. In a typical 

loading method pSi powder ( ~10 mg), was soaked with 0.120 g of dried leaf extract dissolved in 

1 mL of ethanol for 2 h. Then this mixture was heated at ~65- 70°C for 30 min. The above 

mixture was centrifuged; supernatant was removed, and washed with sterile water twice and 

dried under vacuum overnight. 

3.2.6. Release of antibacterial agents from pSi loaded with crude extract 

           pSi powder loaded with leaf extract (20 mg) was suspended in 0.6 mL of sterile D.I water 

in a 8 mL vial. The vial was continuously rotated (10 rpm) using an agitating apparatus at 37°C. 

After 24 h of agitation the vial was centrifuged and the supernatant was drawn carefully into a 

sterile vial. This procedure was repeated after replenishing 0.6 mL sterile D.I water into the 

vial.  A 60 μL fraction of the supernatant was tested for antibacterial activity using disc 

diffusion assay.  

3.2.7. Isolation of known antibacterial compounds from Bambuseae arundinacea 

            Dried leaf powder (100 g) was extracted using a soxhlet extractor (described in the 

previous section) using ethanol as a solvent. Dry extract (3 g) was initially fractionated (Fig. 30) 

with four following solvents based on their polarity ranging from low to high: petroleum ether 

(3x10 mL), chloroform (CHCl3, 3x10 mL), ethyl acetate (EtOAc, 3x10 mL) and methanol 

(MeOH, 3x10 mL). These four dried fractions were tested for antibacterial activity by plate 

diffusion assay (Table 2). All four fractions were monitored with thin layer chromatography 

(TLC) using a solvent system composed of ethyl acetate and hexane (3:7). Fractions with similar 

Rf values (CHCl3 and EtOAc) were tested for their antibacterial activity and compared to 

petroleum ether and methanol fractions. The dried combined fractions of CHCl3 and EtOAc were 
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subjected to preparative TLC using petroleum ether and chloroform (2:3) as a solvent system, 

which yielded in five sub fractions (Fig. 31).  

            Among these five sub fractions, two sub fractions fraction 5, fraction 8, were active 

against S. aureus with inhibition zones of 21 mm, and 22 mm and fraction 9 with an inhibition 

zone of 11 mm. Highly active Fraction 5 and fraction 8 were further purified by preparative TLC 

using the solvent systems chloroform: ethyl acetate: acetic acid (4.5:4.5:1) and hexane: ethyl 

acetate (3:2) respectively. The sub fraction 5 yielded fraction 10 and pure compound 1 and sub 

fraction 8 to afford fraction 11 and compound 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Flow chart diagram of initial fractionation of Babuseae arundinacea ethanol leaf 

extract. Fractionation of the leaf extract into solvents (petroleum ether, chloroform, ethyl acetate, 

and methanol) yielded 0.8, 0.7, 0.6, and 0.9 g of Fr.1, Fr.2, Fr.3, and Fr.4 respectively. 

 

Table 2. Antibacterial activity (average inhibition zones) of four fractions Fr.1, Fr.2, Fr.3, and 

Fr.4 obtained from disc diffusion assay (against S. aureus). 
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Figure 31. Flow chart diagram of separation of phytochemicals from combined fractions of 

chloroform and ethyl acetate. Chloroform and ethyl acetate fractions were further purified by 

preparative TLC to give five sub fractions. Active sub fractions (Fr5, and Fr. 8) were purified by 

TLC to afford pure compounds 1&2. 

 

3.2.8. Instrumentation 

           Thermo-gravimetric analysis (TGA) was performed using a Seiko SII 

model SSC/5200TGA at a heating rate of 10 °C/min (up to 400 °C) under nitrogen. Mass 

spectrometry (MS) was performed using an Agilent Technologies 6224 TOF LC/MS system. 
1
H 

NMR and 
13

C NMR were recorded on Bruker Ascend 400, at 400MHz. 

3.3. Results and Discussion 

3.3.1. Antibacterial activity of the extract 

           Soxhlet extraction and room temperature extraction methods were used to extract active 

components from leaves of Equisetum telmateia and Bambuseae arundinacea. These extracts 

were tested for their antibacterial activity against staphylococcus aureus (S. aureus), escherichia 
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coli (E. coli) and candida albicans (C. albicans) using a disc diffusion assay. Leaf extracts of 

Equisetum telmateia (in petroleum ether, chloroform, ethanol, and water) were not active against 

any of the bacterial and fungal strains evaluated. Bambuseae arundinacea leaf extracts prepared 

by room temperature extraction and soxhlet extraction showed antibacterial activity against S. 

aureus (Table 3).  

Table 3. Antibacterial activity of leaf extracts from Bambuseae arundinacea against S.aureus. 

 

 

 

 

 

 

 

 

3.3.2. Loading and release of antibacterial leaf extract from pSi particles 

          Among the extracts listed in Table 3, soxhlet extraction of Bambuseae leaves by ethanol 

showed the highest antibacterial activity. This highly active antibacterial leaf extract of 

Bambuseae arundinacea was loaded into pSi derived from tabasheer by the solution loading 

method discussed in the experimental section. The dried extract-loaded pSi sample was analyzed 

by thermo-gravimetric analysis (TGA) to quantify the extent of loading. A typical TGA trace 

(Fig. 32) showed significant mass loss in the range of 150-400 °C along with a steady weight 

loss in the temperature range of 0-100 °C due to volatile components and moisture loss (<5%). 

Between 150-400 °C any weight loss is assumed to be degradation/elimination of active 

phytochemicals. Total loading capacity measured by TGA analysis is 25% by weight. 

Bamboo Leaf Extract Inhibition Zone (mm) 

Chloroform, Soxhlet 14.0 ± 0.8 

Ethanol (r.t) 12.0 ± 2.0 

Ethanol, Soxhlet 18.0 ± 2.0 

Hexane, Soxhlet 16.0 ± 0.8 
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Figure 32. Thermogravimetric analysis (TGA) of the extract loaded into pSi. Weight loss curve 

(in red), heating curve (in blue). 

 

Comparable levels of antibacterial activity (Table 4, mass normalized antibacterial activity) are 

observed in the case of extract and extract loaded pSi (in dry powder form). Inhibition zones 

against S. aureus are listed in Table 4.  

Table 4. Antibacterial activity (against S. aureus) of bamboo extract and extract loaded pSi after 

24 h incubation period. 

            Sustained release of antibacterial components from crude extract loaded pSi was 

monitored by disc diffusion assay according to the procedure outlined in the experimental 

section. Antibacterial activity against S. aureus was measured every 24 h until no measureable 

antibacterial activity was observed. Results were plotted as time (days) versus zone of inhibition. 

According to the plot shown in Fig.33, antibacterial activity was observed for a period of 16 

Material Tested Avg Inhibition Zone 
Mass normalized 

Inhibition Zone (mm) 

Bamboo leaf extract (0.78 mg) 18±1 18 

Extract loaded tabasheer-derived pSi 

(2.5 mg pSi with 25% wt loading 
13±1 15 
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days. Significant antibacterial activity, with a zone of inhibition above15 mm, was observed for a 

period of 7 days, with measurable activity for16 days. 

 

 

 

 

 

 

 
 

Figure 33. The release of antibacterial components from Bambuseae leaf extract loaded pSi 

(tabasheer derived) and their associated activity against S. aureus. 

3.3.3. Isolation of some of the known antibacterials from Bambuseae arundinacea 

          We have identified two known antibacterial compounds present in the Bambuseae leaf 

extract (ethanol) by preparative thin layer chromatography (TLC).The method developed for the 

isolation of individual components is based on a modification of a previous literature method 

(discussed in the experimental section).
124

 Compound 1 (yellow powder, ~1 mg) was identified 

as 2,6-dimethoxycyclohexa-2,5-diene-1,4-dione (2,6 dimethoxy-p-benzoquinone) and 

compound 2 (white powder, ~2 mg) identified as 3S,8S,9S,10R,13R,14S,17R)-17-[(E,2R,5S)-5-

ethyl-6 methylhept-3-en-2-yl]-10,13-dimethyl-2,3,4,7,8,9,11,12,14,15,16,17 dodecahydro-1H-

cyclopentaphenanthren-3-ol (stigmasterol) by comparing their spectral data (
1
H NMR,  

13
C 

NMR, and ESI-MS) to that reported in the literature.
125-127

 Compound 1 and compound 2 showed 

activity against S. aureus with individual minimum inhibitory concentrations (MIC) of 35 
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μg/mL, and 30 μg/mL respectively. These results falls within the range of MIC values (against S. 

aureus) reported for compound 1 (8-200 µg/mL) and compound 2 (12.5-200 µg/mL) in the 

literature.
127-130 

The recorded 
1
H NMR, 

13
C NMR, and HRMS spectra for 2,6 dimethoxy-p-

benzoquinone are presented in Fig.34, Fig.35, and Fig.36 respectively. For stigmasterol 
1
H 

NMR, 
13

C NMR, and HRMS spectra are presented in Fig. 37, Fig. 38, and Fig. 39. 

Compound 1: TLC (Chloroform: Ethyl acetate: Acetic acid), 45:45:10 v/v): Rf = 0.7;  

1
H NMR (400 MHz, CDCl3): δ 5.88 (s, 1H), 3.84 (s, 3H); 

13
C NMR (400 MHz, CDCl3): δ 186.84, 176.67, 157.33, 107.42, and 56.48;  

HRMS (ESI-TOF) m/z calcd. for C8H8O4, 168.0823; found 169.1132 (M+H). 

Compound 2: TLC (Hexane : Ethyl acetate , 60:40 v/v): Rf = 0.3;  

1
H NMR (400 MHz, CDCl3): δ 5.38 (d, 1H, J = 5.2 Hz), 5.16 (dd, 1H,J = 8.8, 8.8 Hz), 5.06 (dd, 

1H, J = 8.8, 8.8 Hz), 3.54 (m, 1H), 2.29 (m, 2H), 2.03 (m, 3H), 1.85 (m, 2H), 1.72-1.41 (m, 

10H), 1.27-1.18 (m, 14H), 1.15-1.03 (m, 6H), 0.90-0.82 (m,13 H), 0.72 (s, 2H); 

13
C NMR (400 MHz, CDCl3): δ140.76, 138.32, 129.29, 122.71, 71.81, 56.88, 55.97, 51.25, 

50.17, 42.30, 42.22, 40.50, 39.69, 37.27, 36.52, 31.91, 31.89, 31.66, 28.93, 25.42, 24.37, 21.23, 

21.09, 19.41, 18.99, 12.26, 12.06;  

HRMS (ESI-TOF) m/z calcd. for C29H48O, 412.3705; found 395.4788 (M-17), corresponds to 

loss of hydroxyl group. 

 

 

 

 
Compound 1 Compound 2 
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Figure 34. 
1
H NMR spectrum of compound (1) in CDCl3 (400 MHz). 
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Figure 35. 
13

C NMR spectrum of compound (1) in CDCl3 (400 MHz). 
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Figure 36. HRMS (ESI-TOF) data for compound 1. 
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Figure 37. 
1
H NMR spectrum of compound (2) in CDCl3 (400 MHz). Peaks noted with asterisks 

(*) indicate the presence of some residual solvent in the regions indicated. 
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Figure 38. 
13

C Compound (2) in CDCl3 (400 MHz). 
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Figure 39. HRMS (ESI-TOF) data for compound 2. 
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3.3.4. Summary 

          We have shown here that a single plant (Bambuseae arundinacea), can yield bioactive 

components (antibacterial) as well as drug delivery carrier (pSi). In vitro studies on the sustained 

release of the antibacterial components from the pSi carrier matrix showed prolonged 

antibacterial activity for a period of > 2 weeks. Two antibacterial components from the 

Bambuseae leaf extract were isolated and identified as 2,6 dimethoxy benzoquinone along with 

stigmasterol. Leaf extracts of silicon accumulator plants (Bambusae bambose L.) have shown 

antibacterial activity against multi drug resistant bacteria (MDR),
121

 and one of the compounds 

isolated from Bambuseae (stigmasterol) was reported previously to have synergistic antibacterial 

activities when used along with ampicillin against drug resistant clinical isolates.
131 

Based on the 

literature evidence, our study on deriving pSi nanostructures from eco-friendly cost effective 

feedstocks (silicon accumulator plants) that also can yield a therapeutic agent opens up the 

possibly of using these plant based drug delivery carriers as  a low-cost option for countries with 

extensive resources of silicon accumulator plants in future synergistic drug delivery applications. 

The following chapters will focus on use of plant-derived nanostructured porous carriers for 

incorporation and release of bioactive components (vitamins) along with other natural product-

derived species. 
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Chapter IV 

 

Vitamin D3 (Cholecalciferol) Loading and Release from Tabasheer 

Derived Porous Silicon Powders 
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4.1.   Introduction 

              Poor bioavailability and low stability of pharmaceuticals and nutraceuticals are two key 

challenges in pharmaceutical and food industries. Poor solubility is one of the main reasons for 

poor oral bioavailability of  many pharmaceuticals and nutraceuticals.
132

 It is reported that only 

10% of the pharmaceuticals that are in the market are poorly soluble, but 40% of lead candidates 

(hydrophobic drugs) fail to reach market due to their poor solubility.
133

 

            The lipophilicity (log P), is a measure of solubility of hydrophobic drugs, where P is 

described as the ratio of the concentration of the unionized compound at equilibrium between 

organic and aqueous phases.
134  

In 1997, Christopher A. Lipinski, a medicinal chemist from 

Pfizer developed a concept called “Lipinski’s rule of five”, according to this rule hydrophobic or 

lipophilic drugs with log P value below 5 are the only candidates suitable for oral delivery.
135

 

Pharmaceutical and biotechnology companies use lipophilicity (log P) as a measure to 

understand pharmacokinetic properties (absorption, distribution in the body, penetration across 

vital membranes and biological barriers, metabolism and excretion) of the drug. Compounds 

with a higher log P value will have a lower aqueous solubility and therefore compromises the 

oral bioavailability which in turn affects the effectiveness of a drug.
136

 

            Stability of pharmaceuticals and nutraceuticals is another area of challenge where the 

active ingredients long term stability is questionable due to light sensitive or heat sensitive 

chemical functionalities present within the molecule. Microencapsulation techniques have shown 

to be successful in food and pharmaceutical industries to protect and control the release of active 

ingredients over past few decades. Nanoencapsulation, on the other hand, along with protection 

and controlled release, enhances the bioavailability of the active ingredients.
137
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Mesoporous silicon powders with high surface areas and tunable surface chemistries 

offer loading of a variety of biologically-active agents (discussed in Chapter 1). Hydrophobic 

drugs and nutrients are entrapped into anodized and stain etched silicon powders to increase their 

bioavailability. Some of the examples studied to date include pharmaceuticals (ibuprofen, 

griseofulvin, indomethacin) and nutraceuticals (vitamin B9, vitamin E, lycopene, coenzyme 

Q10).
138-141

 

            One concern of using pSi particles derived from anodization and stain etching is usage of 

corrosive solvents and expensive solid silicon feedstocks (discussed in Chapter 2). pSi particles 

prepared by these methods are expensive to use for low value food, pharmaceutical, and 

nutraceutical delivery. With a primary focus on economy, and eco-friendly nature of the 

fabrication route, we present pSi particles derived from plant as a viable source without 

compromising the purity needed (˃ 99%) for these applications. 

             In this study, we used the photosensitive vitamin D3 (VD) as a model drug to load into 

tabasheer derived pSi particles with an aim to improve its bioavailability. VD is a highly 

crystalline, hydrophobic nutrient with a log P value of 7.5. It is loaded into pSi by two different 

loading methods, melt loading and incipient wetness impregnation to observe the effect of 

loading on dissolution of the VD. The total loading capacities and encapsulation efficiencies 

were estimated for these two methods by thermogravimetric analysis and UV-Vis absorbance 

spectroscopy. Melting point and crystallinity of VD after loading into pSi were evaluated by 

differential scanning calorimetry (DSC), powder X-ray diffraction (XRD), and correlated with 

dissolution behavior of the VD. 
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4.2. Experimental 

4.2.1. Loading cholecalciferol (VD) 

           Loading of VD (Sigma Aldrich, ≥ 98%) is achieved by infiltration into mesoporous Si 

powders using two methods, melt loading and incipient wetness impregnation.
142,143

 In case of 

the solvent-free melt loading method, the vitamin is melted in the presence of the pSi powder at 

or above melting temperature (87 °C) of crystalline VD, whereas in case of incipient wetness 

impregnation, pSi powders were impregnated with a known concentration of VD solution. To 

minimize the degradation by light, loading capacity and encapsulation efficiencies (EE) were 

quantified as soon as possible after the loading. All the samples were stored in containers 

covered in aluminum foil. 

 

 

 

 

Figure 40. Loading pSi powders with VD. 

4.2.1.1. Melt loading 

             Tabasheer derived pSi particles (7.2 mg) of 25 µm size were preblended with the VD 

powder (3.4 mg) and melted at 90°C for 5 min. The pSi-vitamin matrix was then cooled to room 

temperature. Loaded powders were dried under vacuum at room temperature for 4 h.  

4.2.1.2. Incipient wet impregnation  

           VD (1.98 mg) was dissolved in 50 µL of ethanol and added to tabasheer derived pSi (10.6 

mg) in 2X25 µL aliquots. After addition of each aliquot pSi powders were air dried for 1 h. The 

loaded powders were dried in vacuum oven at room temperature for 12 h.  
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4.2.2. Preparation of vitamin D3 standard curve 

           A stock solution of standard VD was prepared by dissolving 2.35 mg of VD in 1 ml of 

65% ethanol in water containing 7 mM tween 80. Standard solutions of VD were prepared from 

stock solution in the concentration range of 1.175-23.5 µg/ml in 65% ethanol (in water 

containing 7 mM tween 80) as a solvent. The absorbance of VD standard solutions was measured 

at 256 nm (λmax for VD) against the solvent as blank. Calibration curve of absorbance as a 

function of concentration was generated (Figure 41). Best fit line has a y intercept of ~0.1, this 

could be due to the scattered light from insoluble VD fraction in the aqueous solvent system. 

 

 

 

 

 

 

 

 

Figure 41. Calibration curve for VD prepared in 65% ethanol (in water containing 7 mM tween 

80). 

4.2.3. Measuring encapsulation efficiencies (EE) 

             Encapsulation efficiencies of VD within the pSi powders by melt loading and incipient 

wet impregnation methods were determined by extracting VD from 1 mg of pSi-VD complex in 

1.0 ml of ethanol for 24 h with continuous magnetic stirring. The extracted solution was then 

filtrated and analyzed by UV-absorbance spectroscopy. The mass of the vitamin released after 24 
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h was determined by comparing the absorbance to the standard curve developed in ethanol (95% 

v/v, λmax 264 nm).  

𝐸𝐸% =
 (𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑣𝑖𝑡𝑎𝑚𝑖𝑛 𝑎𝑓𝑡𝑒𝑟 24 ℎ )

𝑀𝑎𝑠𝑠 𝑜𝑓𝑣𝑖𝑡𝑎𝑚𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑝𝑆𝑖
𝑋 100 

 

 

 

 

 

 

 

 

Figure 42. Calibration curve for VD prepared in 95% ethanol. 

4.2.4.   In vitro release of VD 

            pSi particles loaded with VD by melt loading (4 mg) and incipient wetness impregnation 

loading (5 mg) method were placed in a vial with 1 mL release medium (7 mM tween 80 in 

water). Release experiments of VD from pSi-VD complex were performed at 37 °C, at a shaking 

speed of 140 rpm. At the end of given time point, release medium was centrifuged, supernatant 

was removed and replenished with 1 mL of fresh medium. The amount of VD released from pSi 

at a given time point was quantified in reference to a standard curve generated independently 

from solutions of known concentration. 

4.2.6.   Instrumentation 

            Mass spectrometry (MS) was performed using an Agilent Technologies 6224 TOF 

MS/MS system. Thermogravimetric analysis (TGA) was performed using a Seiko S II 
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model SSC/5200 TGA at a heating rate of 10°C/min (up to 400°C) under nitrogen. Differential 

scanning calorimetry (DSC) analysis was done using DSC 2 system (Mettler Toledo).Sample 

was heated from 25 to 110 °C at the rate of 10 °C/min, under nitrogen flush. X-ray diffraction 

was carried out using a Phillips 3100 X-ray powder diffractometer with Cu Kα radiation 

operating at 35 kV. A Beckman DU-64 spectrophotometer was used for measuring the 

absorbance of VD. 

4.3. Results and Discussion 

4.3.1. Loading of VD into pSi particles 

          Tabasheer derived pSi microparticles (25 ± 15 μm) were loaded with VD by melt loading 

and incipient wetness impregnation. VD is sensitive to various environmental factors. For 

example, prolonged exposure to light and/or heat can induce isomerization or oxidation of 

VD.
144 

To ensure complete melting of the VD into pSi and to minimize the heat induced 

degradation, VD is loaded into pSi by melt loading at a temperature of 95 °C slightly above the 

melting point of VD (87 °C). A mixture of pSi and VD in the mass ratio of 2:1 is melted for 4 

min, then cooled to room temperature. Heat induced degradation of VD results in formation of 

hydroxy vitamin D3 (Fig. 43).
145   

 

 

 

 

 

Figure 43. Heat induced oxidation of VD, adapted from ref 144. 

            To evaluate the stability of VD after melt loading, VD is extracted from the pSi-VD melt 

load complex (1 mg) by dissolving in ethanol (1 mL). The extracted VD was analyzed by mass 
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spectrometry. Mass spectroscopy data from forced heat induced degradation of VD at 95 °C for 

20 min is compared with the mass spectrum of VD extracted from melt loaded pSi at 95 °C for 4 

min to observe formation of any degradation products. Fig. 44 shows a mass spectrum observed 

from pure VD powder, while Fig. 45 shows a mass spectrum of heat induced degradation 

products of VD powder. From the mass spectrum (Fig. 46), no heat induced degradation was 

observed after loading the VD into pSi by melt load method
 

Vitamin D3: HRMS (ESI-TOF) m/z calcd. ForC27H44O, 384.6377; found 385.3555 (M+H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. Mass spectrum of VD. 
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Forced degradation of VD 

Hydroxy Vitamin D3: HRMS (ESI-TOF) m/z calcd. For C27H44O, 400.3341; found  

383.3380(M-17), corresponds to loss of hydroxyl group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Mass spectrum of melted vitamin D3 at 95°C for 20 min. 
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Vitamin D3 extracted from melt load: 

HRMS (ESI-TOF) m/z calcd. for C27H44O, 384.6377; found 385.3607 (M+H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Mass spectrum of VD loaded into pSi by melt loading method. 
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4.3.2. Loading capacities of VD into pSi 

          The total payload (VD) adsorbed into pSi was determined by thermogravimetric analysis 

(TGA). Melt loaded VD into pSi with a theoretical maximum loading percentage of 50% 

demonstrates a loading capacity of 26% (wt) by TGA. Thermogram of melt loaded VD into pSi 

(Fig. 47a) shows significant mass loss (26 %) in the range of 150-450 °C, and a weight loss in 

the temperature range of 0-100 °C due to evaporation of moisture (< 2%). Thermal degradation 

of VD loaded into pSi has not reached a plateau, indicating that TGA analysis reflects a lower 

estimate of total loading capacity by weight. In case of incipient wetness impregnation, TGA 

trace (Fig. 47b) shows mass loss of 2%in the range of 0-100 °C due to evaporation of loading 

solvent ethanol and notable mass loss was observed in the range of 100-450 °C (6%), probably 

due to decomposition of the VD. From the TGA analysis total loading capacity of VD by melt 

load is estimated as 26% (wt), and from incipient load is 6% (wt) excluding the mass loss due to 

solvent or moisture.  

 

 

 

 

 

 

Figure 47. Thermogravimetric analysis of a) VD loaded into pSi by melt loading, b) VD loaded 

into pSi by incipient wetness impregnation 

 

           Total loading capacities of vitamin into pSi by TGA, and encapsulation efficiencies 

measured by UV-Vis absorbance spectroscopy for melt loading method and incipient wetness 
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impregnation method are listed in Table 5. Lower loading efficiency in case of incipient loading 

is observed compared to melt loading, this can be attributed to competition of hydrophobic 

vitamin and polar solvent with the surface silanol groups on the pores. Intermolecular 

interactions between the solvent EtOH and the silanol groups on the pore wall surface might 

have led to lower VD adsorption at lower concentrations into the pores for the latter loading 

method.  

Table 5.Vitamin loading capacities into tabasheer derived pSi using different methods. 

 

Loading Type 
Theoretical 

Loading (wt %) 

Thermogravimetric 

Analysis (wt %) 

Encapsulation 

Efficiency (EE) (wt %) 

Melt Loading 50 26 99 

Incipient Loading 18 6 65 

 

4.3.4. DSC analysis 

            DSC measurements were carried out to characterize the physical state of the vitamin, 

whether it is confined within the pores or recrystallized onto the outer surfaces of the pSi 

particles. DSC thermograms for VD loaded into pSi by melt load and incipient wetness 

impregnation are presented in Fig. 48. A sharp endothermic melting peak at 87 °C was observed 

for the crystalline VD. In the case of melt loaded VD and incipient loaded VD, broad melting 

peaks were observed with a depression in melting point. The melting point (peak minimum) for 

VD shifted to a temperature of 60 ° C for the incipient load method vitamin into pSi, whereas in 

case of that of the melt loading method, the melting peak minimum was at 64 ° C. This 

phenomenon indicates change in the solid state features of crystalline VD due to pore 

confinement. More specifically, once confined into the pores, the crystallite size of VD is 
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restricted by the pore dimensions.
146-148 

A lower melting point of the entrapped agent is an 

indication of reduced crystallite size. The broad nature of the melting endotherms after loading 

into pSi is likely due to the presence of different crystallite sizes present within the mesoporous 

walls of pSi particles.
147

 

 

 

 

 

 

Figure 48. Differential scanning calorimetry of pSi loaded with vitamin D3. 

4.3.5. XRD analysis 

           An overlay of XRD diffractograms obtained for pSi microparticles, crystalline VD, melt 

loaded VD, and VD loaded by incipient loading are presented in Figure 49. The presence of 

crystalline silicon is evident from XRD analysis, with the cubic Si (111), (220), and (311) 

reflections observed at 2θvalues of 27°, 46°, 54° respectively (Chapter 2).The diffractogram of 

cholecalciferol (VD) alone with the most intensive peak at 18.2° suggests its existence in a 

crystalline form. The diffractogram for VD melt load and incipient load samples with absence of 

this intensive crystalline peak infers a significant reduction in particle size (‘nanostructuring’) or 

an extreme line broadening below the detection limit of the instrument.
146
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Figure49. Over lay of XRD pattern of vitamin D3, pSi loaded with vitamin D3 by melt load and 

incipient load methods. 

4.3.6.   In vitro release of the VD from pSi 

             In vitro release of the VD from pSi for melt load and incipient load was shown in Fig. 

50. Cumulative release of vitamin shows gradual release of vitamin from pSi-VD complex. At 

the end of a 21 h time period (1260 min), the cumulative percentage of soluble vitamin released 

in case of melt loading is79%, incipient loading 99% and VD itself is 8.5%. This suggests an 

enhanced solubility of the vitamin after loading into pSi. Even though the high encapsulation 

efficiencies achieved by melt loading methods are advantageous to carry high payloads, in 

presence of high concentration of the vitamin filled into the pores might recrystallize which leads 

to reduced dissolution of vitamin.
147 

The following are the two important factors identified for 

enhanced solubility of VD: 1) nanocrystalline state of VD was achieved after loading into pSi 
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(evident from the XRD and DSC analysis) 2) increased surface area of the vitamin after loading 

into high surface area pSi powders.  

 

 

 

 

 

 

 

Figure 50. Release of soluble VD from VD-loaded pSi. 

4.4. Summary 

         This initial study provides proof-of-concept of the use of plant derived pSi powders as 

controlled release carriers for hydrophobic vitamins. Two loading methods were optimized to see 

the effect of drug loading on the dissolution profiles of the VD. With the combination of DSC 

and XRD methods, the physical state of VD after loading into pSi has been evaluated. A 

cumulative release profile shows at the end of 1260  min the total amount of soluble drug itself 

was 8.5%, but loading into pSi, enhanced the amount of soluble vitamin by ~ 11 times (99%) in 

case of incipient wetness impregnation, and ~ 9 times (79%) in case of melt loading method. 

Future studies will involve UV light induced degradation of vitamin D3 and evaluation of the 

ability of plant derived pSi to minimize the UV light induced degradation. 
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CHAPTER V 

 

Loading and Release of Equisetum Arvense Leaf Extract (Anti-

inflammatory & Anti-Oxidant) from Porous Silicon Powders 
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5.1. Introduction 

           Chronic inflammation is a condition involved with number of diseases including cancer, 

Alzheimer’s disease, rheumatoid arthritis. Prolonged usage of anti-inflammatory drugs is 

necessary in these cases to reduce the inflammation associated with it. Nonsteroidal anti-

inflammatory drugs (NSAIDs) and small biological molecules are very promising to treat this 

condition, but long term usage of NSAIDs are associated with serious side effects, thereby 

affecting quality of life. The use of small biological drug molecules (chimeric monoclonal 

antibodies) have shown decreased activity over time due to drug resistance.
149, 150

 

          A safe and effective alternative for treating chronic inflammation is the use of plant 

extracts rich in polyphenolic compounds.
151 

Some of the well-known polyphenols that have 

shown anti-inflammatory activity are curcumin, epigallocatechin gallate, and quercetin.
152-154 

Synergistic anticancer activity of polyphenolic compounds was observed in many cases; 

curcumin and catechin showed high growth inhibition of human colon adenocarcinoma cells and 

use of quercetin and doxorubicin showed greater inhibition of cancer cells that are resistant to 

doxorubicin.
155,156 

However, one of the major problems associated with the use of such 

compounds is their low bioavailability and relatively short half-life.
157-159

 Because of this poor 

bioavailability, high oral doses or repeated dosing is needed to reach an effective plasma 

concentration. 

          To overcome these challenges with polyphenolic-containing extracts, we have 

encapsulated ethanolic extracts of Equisetum arvense (Horsetail, itself a Si accumulator plant) 

into porous silicon (pSi) microparticles to increase their bioavailability. Such extracts were 

loaded into nanostructured pSi particles prepared by our previously optimized eco-friendly 

fabrication route from silicon accumulator plants (Chapter 2). In this study, the potential utility 
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of pSi microparticles loaded with E. arvense ethanolic leaf extracts as a therapeutic agent were 

evaluated for their anti-inflammatory and antioxidant properties. We have subsequently 

optimized encapsulation techniques to efficiently load these Equisetum arvense extracts into pSi 

particles to release antioxidant and anti-inflammatory components in a sustained fashion.  

A variety of inflammatory mediators and cellular pathways are extensively studied to 

understand the anti-inflammatory activity of many biologically-active components. We have 

investigated the anti-inflammatory activity of ethanolic extracts of E. arvense released from pSi 

microparticles by studying their effect on tumor necrosis factor α (TNF) mediated nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-B) activation. Fig. 51 shows the NF-

B mediated cellular pathway to trigger the production of pro inflammatory cytokines. 

 

 

 

 

 

 

 

 

 

Figure 51. Mechanism of NF-B activation through TNFAdapted from ref 161. 

            NF-kB is a transcription factor regulates various cellular responses that involve cell 

proliferation, apoptosis, immune responses to infection and inflammation.
160 

NF-κB molecules 
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exist in most of the cells in an inactive form complexed with the inhibitory protein, IκB. In 

response to a stimulus (eg. Cytokines-IL2 and TNF, viral, bacterial endotoxins, UV radiation) 

IκB kinase (IKK) enzyme phosphorylates IκB unit that is conjugated to NF-κB. IκB detaches 

from the NF-κB through proteasomal degradation, and activates NF-κB nuclear translocation. 

NF-κB is then attaches to a specific sequence of the DNA and stimulates the production of 

specific proteins responsible to trigger inflammation.
161

 

           The anti-oxidant potential of these extracts was evaluated by an α, α-diphenyl-β 

picrylhydrazyl (DPPH) free radical scavenging method where stable DPPH (1,1diphenyl-2-picryl 

hydrazyl) free radicals were reduced to DPPHH (1,1diphenyl-2-picryl hydrazine) in the presence 

of the ethanolic extracts of E. arvense.
162

 

 

 

 

 

Figure 52. Schematic representation of the DPPH assay. 

5.2. Experimental 

5.2.1. Soxhlet extraction of Equisetum arvense leaves 

          Equisetum arvense leaves and stems were harvested from a natural source in Malvern, 

Worcestershire, UK in Fall 2016. Obtained leaves were shade dried for two days. Ground 

powder (6 g) was extracted with 50% ethanol (100 mL) at a temperature of 120 °C in a soxhlet 

extractor. After 6 h, the extract was concentrated through the use of rotary evaporator, and the 

dry extracts were stored at 4 °C for further analysis.  
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5.2.2. Loading of Equisetum arvense leaf extract into pSi 

 

          Leaf extract was loaded into tabasheer derived pSi particles using a solution loading 

method. Dried extract powder (3.4 mg) was dissolved in a solvent mixture of ethanol, water and 

dimethyl sulfoxide (2:2:1 by volume). Extract solution (150 µL) was added to the pSi particles 

(10.2 mg). The mixture was then dried under vacuum overnight. 

5.2.3. Luciferase assay 

          A luciferase assay was used to measure the luciferase gene expression triggered by TNF-

induced activation of NF-B. HEK 293 cells were treated with the anti-inflammatory extract 

released from the pSi particles. HEK293 cells were plated in 24 well plates with a cell density of 

50,000/well. After 24 h, cells were transfected (step 1) with two plasmids RLCMV-LUC (5 

ng/mL Renilla sp.); PRDII-LUC (10 ng/mL firefly) using a commercial transfecting agent 

Lyovec (Invitrogen). PRDII-LUC plasmid has a NF-B binding site and luciferase reporter 

(LUC) site. RLCMV-LUC (5 ng/mL; Renilla sp.) with a luciferase reporter site is used as an 

internal control, so that by normalizing the activity, experimental variability (eg. cell viability or 

transfection efficiency) will be minimized. After 48 h of transfection, cells were treated with 

different concentrations of anti-inflammatory extract (100 µL) prepared in 1% DMSO (step 2); 

one hour later cells were stimulated with 10 ng/mL of TNF and 5 h later, the cells were 

harvested and lysed with passive lysis buffer (PLB,100 µL/well). The luciferase assays were 

performed according to the Promega Dual-Luciferase Reporter assay protocol, and luminescence 

produced by luciferase gene expression was measured by a luminometer (step 3). Figure 53 

shows the schematic representation of luciferase assay. 
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Figure 53. Schematic representation of luciferase assay. 

5.2.4. Preparing a standard curve for the E. arvense extract (anti-oxidant activity) 

          A DPPH radical stock solution was prepared by dissolving 25 mg of solid DPPH in 100 

mL of absolute EtOH. A standard working solution was prepared by diluting the stock solution 

in absolute EtOH to give an absorbance of 1.3 at 519 nm. Standard test concentrations of E. 

arvense ethanol leaf extracts ranging from 5-25 µg/mL were prepared from a stock solution of 

the E. arvense extract (1 mg/mL) in 50% ethanol. For the analysis, 0.5 mL of the DPPH solution 

(absorbance 1.3) incubated with 0.5mL of E. arvense extract standard test solution for 1 h. DPPH 

working solution 0.5 mL was mixed with 0.5 mL of 50% ethanol to serve as a blank. Decreases 

in the absorbance (λ 519 nm) of DPPH radical solution in the presence of E. arvense extract was 

measured using UV-Vis spectroscopy. 
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Figure 54. Standard curve developed by E. arvense ethanolic leaf extract by DPPH assay. 

5.2.5. Preparing a standard curve for the E. arvense extract (anti-inflammatory activity) 

          Stock solution was prepared by dissolving 9 mg of E. arvense extract in 1 ml of 2% 

DMSO. Standard solutions of the extract were added to the wells to give final concentrations of 

extract per well ranging from 40-300 µg/ml. The luminescence observed from the expression of 

luciferase is recorded by a luminometer. Fig. 55 shows the standard curve with concentration of 

the extract plotted against the luciferase expression. 

5.2.6. In vitro release of E. arvense extract from pSi micropaticles 

         In vitro release of the E. arvense extract from the pSi particles was monitored by two 

assays: luciferase assay for release of anti-inflammatory compounds, and DPPH radical 

scavenging assay to measure the release of anti-oxidant compounds.  
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Figure 55. Standard curve developed by measuring the anti-inflammatory activity of known 

conc. of E. arvense ethanol extract by luciferase assay.  

5.2.4.1. Release of anti-inflammatory compounds  

             pSi microparticles loaded with the E. arvense extract (5 mg) and E. arvense extract itself 

(1.5 mg) were placed in two different vials with 1 mL of sterilized water, and agitated at a speed 

of 30 rpm. At the end of a given time point, vialswere centrifuged, supernatant was removed and 

replenished with 1 mL of fresh sterilized water. Supernatant containing the soluble extract (100 

µL) was added to the 24 well plate seeded with a cell density of 10000 cells/well. The amount of 

anti-inflammatory compounds released from pSi and the extract itself at a chosen time period is 

below the detection limit of luciferase assay. So a standard addition method was used to bring 

the concentration levels within the range of standard curve. All the wells are treated with a 

known concentration of the extract (50 µg/mL). The actual amount of soluble extract released at 

a given time point was quantified in reference to a standard curve developed by luciferase assay.  
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5.2.4.2. Release of anti-oxidant compounds 

           pSi microparticles loaded with the E. arvense extract (5 mg) was placed in a vial with 1 

mL of water, and agitated at a speed of at a speed of  140 rpm at 37 °C. At the end of given time 

point, pSi particles loaded with extract were centrifuged, supernatant was removed and 

replenished with 1 mL of fresh water. Amount of extract released at each time point is measured 

in reference to the standard curve developed by DPPH assay. 

4.2.6. Instrumentation 

        Thermogravimetric analysis (TGA) was performed using a Seiko S II 

model SSC/5200TGA at a heating rate of 10°C/min (up to 400°C) under nitrogen. Differential 

scanning calorimetry (DSC) analysis was done using DSC 2 system (Mettler Toledo), sample 

was placed into Al pans with holes and heated from 25 to 400 °C at the rate of 10 °C/min, under 

nitrogen flush. X-ray diffraction was carried out using a Phillips 3100 X-ray powder 

diffractometer with Cu Kα radiation operating at 35 kV. A Beckman DU-64 spectrophotometer 

was used for measuring the absorbance DPPH. Luciferase gene expression was measured by 

Berthhold SIRUS II luminometer.  

5.3. Results and Discussion 

5.3.1. Loading of E. arvense ethanol leaf extract into pSi 

           pSi microparticles (1230±550 nm) derived from tabasheer powder were loaded with the E. 

arvense ethanol leaf extract by solution load method. A mixture of solvents, ethanol, water, and 

DMSO, were used in the ratio of 2:2:1 by volume. DMSO was used as a co-solvent to enhance 

the concentration of extract in the solution. The extract was loaded into pSi with a theoretical 

loading of ~30% by weight. Thermogravimetric analysis (TGA) was used to analyze the loading 
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capacity of the extract into pSi microparticles. Single stage mass loss was observed between 25-

350 °C, which includes evaporation of solvent mixture along with decomposition of the crude 

extract components (Fig. 56). It is assumed that TGA trace within this temperature range shows 

an underestimate of loading due to incomplete removal of decomposition products.  

 

 

 

 

 

 

 

 

 

Figure 56. TGA analysis of E. arvense extract loaded pSi particles by solution load method. 

5.3.2. DSC analysis 

          Physical state of the extract after loading into pSi was evaluated by powder X-ray 

diffraction spectroscopy and differential scanning calorimetry (DSC). Major phenolic 

constituents of the E. arvense are kaempferol and quercetin.
163 

An overlay of DSC thermogram is 

shown in Fig. 57 for E. arvense extract and extract loaded pSi. The DSC trace of E. arvense 

extract shows two melting peaks in the range of 50-150 °C and 200-350°C. Melting within 50-

150 °C can be attributed to evaporation of water or phytochemicals with low melting point. The 

second melting peak in the DSC trace within the range of 200-350 °C is likely a consequence of 

the melting of major phenolic constituents. Kaempferol and quercetin, with a melting point of 
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276 °C and 316 °C, respectfully, falls within the melting range (200-350 °C) of this extract. 

From these observations, one can speculate that these two compounds are present in the E. 

arvense ethanol extract. After loading the extract into pSi, DSC thermogram shows a clear shift 

in the melting peak to a lower range. As discussed in Chapter 4, this phenomenon is attributed to 

the reduced crystallite size of the crystalline components in the extract as a consequence of pore 

confinement. 

 

 

 

 

 

 

 

 

 

Figure 57. Overlay of DSC thermograms of E. arvense extract and this extract loaded into pSi. 

 5.3.3. XRD analysis 

           An overlay of XRD diffractograms (Fig. 58) obtained for pSi microparticles, crystalline E. 

arvense ethanol extract, and extract loaded into pSi (derived from tabasheer). The diffractogram 

of E. arvense extract alone with the most intensive peaks at 26°, 41°, 51°, 67° suggests its 

existence in a crystalline form. The absence of these peaks after loading into pSi microparticles 

suggests that some nanostructuring takes place upon its loading into the porous Si matrix. 
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Figure 58. XRD analysis of E.arvense, before and after loading into pSi microparticles. 

  5.3.4. Release of anti-inflammatory compounds form pSi particles 

             E. arvense is rich in polyphenolic compounds. In the literature it is reported that a variety 

of polyphenolic compounds has poor solubility in aqueous buffers.
164 

Similar observations were 

noted while loading an E. arvense extract into pSi particles. When the E. arvense extract was 

first dispersed in water, the addition of organic solvents (ethanol and DMSO) greatly enhanced 

the solubility of the extract. In vitro release of the anti-inflammatory extract was monitored by 

luciferase assay. Fig. 59 shows the release profile of soluble extract and extract loaded into pSi. 

At a given time point the amount of the soluble extract released from pSi is higher than the 

extract itself. There is no notable difference (˂ 5%) between the amount of soluble extract 

released from pSi and just the extract itself at time points of 0.5 min and 1.5 min. This can be 

attributed to surface bound crystalline extract present outside of the pSi microparticles that has 

similar solubility profiles as that of the bulk crystalline extract. Any surface bound fraction 

present on pSi particles is either due to pore over filling or a recrystallized portion of the extract 
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that is present within the pores of Si microparticles. A notable difference (˃10%) in the amount 

of soluble extract released from pSi and extract was observed at a later point of time from 3.5-

143.5 min. This suggests that gradual release of the pore confined extract in its nanostructured 

form (from DSC, XRD) enhanced the solubility of the extract. At the end of 143.5 min, the 

cumulative release of the soluble extract from pSi is twofold higher than the just extract itself.  

 

 

 

 

 

Figure 59. In vitro release of the anti-inflammatory components from pSi loaded with E. arvense 

extract.  

            We also observed the anti-inflammatory activity of the released extract to explore the 

possible difference between the activity of the extract and extract loaded into pSi. As discussed 

in the experimental section, the amount of extract released at a given time point was treated with 

the HEK293 cells, and luciferase gene expression was measured using a luminometer. The 

limitation of the assay is that only 100 µL of the extract released into the sterile water at a given 

time point is to be treated with the cells to minimize the dilution of growth medium for healthy 

cell growth. Minimum dose required (E. arvense) to show anti-inflammatory activity by this 

assay is 40µg/mL. This means that every 100 µL of the extract should contain at least 400 µg of 
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the extract to show any observable anti-inflammatory activity. Due to the limitations of the assay 

protocol all the test samples collected at each time point are spiked with known concentration of 

the extract to clearly visualize the enhanced anti-inflammatory activity of the extract after 

loading into pSi.  

 

 

 

 

 

Figure 60. Anti-inflammatory activity of the E. arvense extract and extract loaded pSi powders. 

All the samples were spiked with (50 µg/mL) of E. arvense extract. 

           Fig. 60 shows the luciferase expression of released extract from pSi and extract itself. We 

used 1% DMSO treated HEK 293s as our control. Anti-inflammatory compounds should ideally 

decrease the luciferase expression by blocking NF-KB activation. We observed reduced 

luciferase gene expression compared to the control (1% DMSO), there by showing the anti-

inflammatory nature of the E. arvense extract. Enhanced anti-inflammatory activity was 

observed in case of extract loaded into pSi compared to the just the extract itself at each time 

point. A notable difference (0.5 fold) in the anti-inflammatory activity was observed at time 

point (in the 3.5-143.5 min range), due to the likely enhanced solubility of the extract after 

loading into pSi.  
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  5.3.5. Release of anti-oxidant compounds form pSi particles       

            We have evaluated the anti-oxidant properties of the E. arvense extract loaded pSi by its 

ability to scavenge the DPPH radicals. The amount of anti-oxidant compounds released from the 

extract at a given time point was determined in reference to the standard curve developed by 

DPPH assay. Fig. 61 shows the in vitro release of anti-oxidant components from pSi loaded with 

the E. arvense extract. Burst-type release profile within first few min (0.5-3.5 min), followed by 

gradual increase was observed. The burst release could be due to the presence of surface fraction 

of adsorbed extract on the pSi microparticles.  

 

 

 

 

 

Figure 61. In vitro release of anti-oxidant components from E. arvense extract loaded pSi 

microparticles. 

 

5.4.   Summary 

         Overall in this study we have shown that pSi microparticles derived from tabasheer can 

serve as effective controlled release carriers to encapsulate and release polyphenolic components 

with poor aqueous solubility. The results from XRD and DSC measurements showed that E. 

arvense can be encapsulated into pSi in a more soluble form (presumably due to nanostructuring 
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of the extract components). This is a strikingly similar phenomenon to that observed in the case 

of pSi loaded with vitamin D3. These similarities indicate mesoporous morphologies of plant 

derived pSi microparticles are capable of loading either a single component or a complex multi 

component mixture (as in this case) in a more soluble form, thereby ideally enhancing their bio-

availability.  
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Chapter VI 

Plant Derived Porous Silicon Nanoparticles for Gene Delivery 
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6.1.    Introduction  

            Current scientific advances in the bio-nanotechnology field facilitate engineering vectors 

that can deliver genomic material (a transferred gene, or transgene) to specific cells. These 

vectors can produce therapeutic effects by correcting an abnormality or transform a new function 

to the cells.
165

There are two major categories of vectors that can deliver genomic materials to 

targeted cells: viral and non-viral vectors. An ideal vector should be able to deliver gene of 

interest to the target cells without causing toxicity, and should successfully express genes 

sufficient enough to correct the pathological defects.
166

 

           Viral vectors have shown promising results, because of their efficiency of transfecting 

host cells is relatively high compared to non-viral vectors. Since 1989 over 2200 clinical trials 

were initiated for gene therapy, of which ∼42% are based on viral vectors.
167-169 

In 2017, the 

FDA has approved Kymriah (tisagenlecleucel), a viral vector based gene therapy for acute 

lymphoblastic leukemia making it the first gene therapy in the market for acquired disease.
170

 

The current price tag of Kymriah is ~$475,000 (delivered as a one-time infusion).Although viral 

vectors have emerged as preferred vectors of choice, multiple issues are associated with this 

mode of delivery, including carcinogenesis, immunogenicity, broad tropism (lack of specificity 

to cells or tissue), limited DNA packaging capacity, high cost, and difficulty in vector 

production.
171 

Recent advances in nanotechnology have led to the preparation of non-viral 

vectors to overcome these limitations with respect to safety, cost, ease of production, and 

potential to deliver larger genetic payloads.
172

 

           Non-viral vectors are categorized into synthetic and non-synthetic vectors. Among these 

non-viral systems, delivery of DNA in combination of physical methods (gene gun, 

electroporation, hydrodynamic delivery, sonoporation and magnetofection) comes under the non-
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syntheticcategory.
173 

The main challenge to deliver just the DNA itself is potential degradation of 

the therapeutic gene by endonucleases in the cytoplasm therefore low transfection efficiency. For 

this reason, entrapment of the DNA in a carrier is necessary in order to provide protection from 

endonuclease degradation, to improve blood circulation time, and transfection efficiencies. 

Synthetic vectors are typically composed of inorganic nanoparticles, lipid-based, polymer-based 

and peptide-based materials.DNA can be incorporated into these vectors by three main 

strategies: electrostatic interaction, encapsulation, and adsorption.
174 

The ultimate fate of these 

synthetic vector-DNA complexes depends on three biological factors: cellular internalization, 

endosomal escape and nuclear transport.
173 

Once a given vector-DNA complex is internalized 

into the cytoplasm by endocytosis, it is directed to the late endosomal compartment where it will 

be degraded. Cationic lipids and cationic polymers have shown the ability to escape from the 

endosomal compartment, which helps in the unpacking of genomic material from the vector-

DNA complex.
175 

           Typical vector unpacking mechanisms shown by cationic lipids and cationic polymers 

were “flip-flop” mechanism, and “proton sponge effect” respectively (Figure 62(a) & 62(b)).
176, 

177 
Zelphati and Szoka proposed a “flip-flop” mechanism whereby the positively-charged 

lipoplexes (lipid-DNA complexes), once inside the endosomes, fuse to the negatively charged 

lipids found in the endosomal membrane due to electrostatic interactions. The anionic lipids of 

the endosomal membrane side diffuse along its length into the lipoplexes and form charge-

neutralized ion pairs with the cationic lipids of the lipoplexes, thus displacing the DNA from the 

lipoplexes into the cytoplasm.
176

 

          Behr et al. initially observed the proton sponge effect of polyethylenimines (PEI) in 

PEI/DNA particles for its gene-delivery potential.
177 

During the maturation of endosomes 
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(transformation to lysosomes), the membrane-bound ATPase proton pumps actively pumps 

protons from the cytosol into the endosomes, leading to the acidification of endosomal 

compartments.
178  

Protonation of amine groups resist the acidification of endosomes which 

causes the ATPase proton pump to bring in more protons followed by passive entry of chloride 

ions, increasing ionic concentration and leading to water influx. Eventually the osmotic pressure 

causes swelling and rupture of endosomes, releasing their contents to the cytosol.
177

 

 

 

Figure 62. Mechanisms of endosomal escape. (a) Flip-flop. (b) Proton sponge. (Adapted from 

Refs. 176, 177). 
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           Whether the escaped vector unpacks to release DNA or the total vector DNA complex 

enters the nucleus is still a question of debate. In the case of liposome vector based gene 

delivery,  Zabner et al. demonstrated that DNA has to be freed from a liposome-DNA complex 

(lipoplex) before nuclear entry for optimal gene expression.
179

 But in contrast, few cationic 

polymer based vector complexes (polyplexes)for example a PEI-DNA complex), remain 

complexed with the DNA after transport into the nucleus.
180

 

           In the absence of mitotic cell division, once the genomic material unpacks from the vector 

it will not remain free for long in the cytoplasm. The released genomic material can move along 

the cytoplasm and is transported to nucleus by association with a large number of cellular 

proteins that helps to interact with the microtubule network for movement toward the nuclear 

envelope where genomic material enters into the nucleus via nuclear pore complexes using a 

different set of proteins (importins).
181

 

         Many non-viral vectors are currently based on cationic polymers, cationic lipids or 

inorganic nanoparticle-cationic polymer hybrids. These systems have shown toxicity because of 

the strong association of their positive charge with the negatively charged cell membranes that 

leads to substantial damage of the cell membrane and even lead to destruction.
182

 

          Nanostructured silicon-based gene delivery systems are potential gene delivery systems 

because of their high surface to volume ratios, established surface chemistry, and low 

cytotoxicity. Kim et al. demonstrated the use of silicon nanowires in minimal invasive gene 

delivery directly to the nucleus.
183 

Shen et al. developed nanoporous silicon microparticles 

functionalized with arginine-polyethyleneimine inside the nanopores for effective delivery of 

gene silencing agents (siRNA).
184 

Tian et al. investigated the use of silicon nanotubes as a gene 
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(plasmid DNA) delivery vector.
185  

Wearing et al. demonstrated the cell membrane binding 

ability of metal assisted stain etched porous silicon for in vitro delivery of plasmid DNA.
186 

As an alternative to conventional methods of porous silicon fabrication,(metal-assisted 

etching, and anodization of silicon wafers), we focused on deriving porous silicon nanoparticles 

(pSiNPs) using an eco-friendly magnesiothermic reduction of plant-derived silica. In our 

previous work we have shown that fabrication of pSi powders by magnesiothermic reduction 

yields high surface area materials with no trace metal impurities (Chapter 2).  

In this chapter the ability of plant derived pSiNPs as gene delivery vehicles is evaluated. 

EF1-eGFP plasmid DNA (endothelial factor 1 enhanced green fluorescent protein, 6429 bp) is 

used as a reporter plasmid. To load plasmid DNA through electrostatic interactions, primary 

amine groups were introduced onto pSiNPs using 3-aminopropyltriethoxysilane (APTES) as a 

functionalized linker. Different mass ratios of pSiNP/DNA were initially evaluated to evaluate 

the binding capability of the pSiNPs to DNA in order to determine optimal transfection 

efficiencies. It is hypothesized that once the pSiNP-APTES-DNA complex internalizes into the 

cytoplasm; the released DNA from the complex should enter into the nucleus, undergoing 

transcription and translation to express eGFP. 

6.2. Experimental 

6.2.1. Size reduction of porous silicon nanoparticles (pSiNPs) 

           In a typical experiment ~0.8 g of Tabasheer powder (Bristol Botanicals Ltd.) milled for 2 

days, at a speed of 80 rpm. The milled powder was calcinated and reduced using the protocol 

explained in Chapter 2 to obtain porous silicon. Sub-micron size porous silicon particles were 

obtained by fractional centrifugation (Fig. 63) of porous silicon powder at different time periods 
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(t1= 30s, t2 = 30s, t3=30 s, t4=300 s) to separate and obtain desired size of particles. Supernatant 

collected at each time point was further centrifuged until submicron size particles were obtained. 

 

 

 

 

 

 

Figure 63. Size separation of porous silicon particles by fractional centrifugation. 

6.2.2. Aminosilanization of porous silicon particles 

           pSiNPs (2 mg) were added to a 4% (v/v) solution of APTES in acetone (4 mL) and stirred 

for 6 h at a temperature of 40 °C (Fig. 64, Scheme a). The product (pSiNP-APTES) was 

collected by centrifugation, rinsed with acetone and allowed to dry in vacuum oven. 

6.2.4. PEG functionalization of pSiNPs 

          pSiNPs (2 mg) functionalized with (3-aminopropyl)triethoxysilane (APTES) were 

dispersed in D.I water (2 mL). Next, a solution of poly(ethylene glycol) diacid 600 (3.3 mmol), 

EDC (1 mmol) and NHS (1 mmol) were prepared in 2 mL of water. The mixture was stirred for 

15 min. Then 300µg of APTES functionalized pSiNPs was added to the mixture and stirred for 3 

h at room temperature. Particles were washed with D.I water several times and dried in vacuum. 

The reaction scheme is shown in Figure 64b.  

6.2.5. Complexation of DNA with pSiNPs and LyoVec 

          EF1-eGFP plasmid was used as a transgene to transfect cells with the enhanced green 

fluorescent protein gene. PSiNP-APTES and pSiNP-PEG were added to DNA at different mass 
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ratios to give pSiNP-DNA complexes (Fig.63c). In a typical experiment to 100 µg of pSiNP-

APTES dispersed in water, 1 µg of DNA was added and incubated for 30 minutes. LyoVec 

(purchased from InvivoGen) is a commercially available cationic lipid-based transfection 

reagent, used as a positive control. It is composed of phosphonolipid DTCPTA (di-

tetradecylphosphoryl-N,N,N-trimethyl methanaminium chloride) coupled with the neutral lipid 

DiPPE (1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine). EF1-eGFP plasmid (1 µg) was 

added to 100 µl of LyoVec and incubated for 30 min. EF1-eGFP, was made by Giri, Akkaraju, 

portion of the plasmid was derived from a plasmid made by Kim et al.
187

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64. a) APTES functionalization of pSiNPs, b) PEG functionalization of pSiNPs 

c) DNA complexation of pSiNPs (pSiNP-APTES and pSiNP-PEG). 
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6.2.3. Quantifying number of amine groups 
 

           Ninhydrin reagent (0.35 % w/v) was prepared in ethanol. A glycine stock solution (1.1 

mM) was used to generate a standard curve. A given amount of pSiNP was mixed with 500 μL 

water and 1 mL ninhydrin reagent. The above solution was made upto 5 ml with ethanol. The 

mixture was heated at 60 °C for 20 minutes. Upon reaction of ninhydrin reagent with pSiNPs 

functionalized with APTES, purple color was observed. The particles were centrifuged for 15 

minutes and the supernatant was analyzed with a UV-Vis spectrophotometer (λ=565 nm).
23 

The 

number of moles of amino groups on the surface of pSiNPs was calculated based on the standard 

curve of glycine (Fig. 65).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 65. Standard curve obtained from ninhydrin-glycine colored complex at 565 nm. 
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Calculation of number of NH2 groups  

Number of moles of amino groups on pSiNPs = 0.3 ×  10−6 𝑚𝑜𝑙 

Total number of amino groups = 0.3 × 10−6 × 6.023 × 1023 

Calculation of number of amino groups/ nm2 

Surface area of pSiNPs = 176 × 1018nm2/g    (From BET analysis) 

Surface area of 0.5 mg of pSiNPs = 0.088 ×  1018𝑛𝑚2 

Number of amino groups/nm2 =
0.3 × 10−6 × 6.023 × 1023

0.088 × 1018
 

 

6.2.6. DNA encapsulation studies 

          The binding ability of pSiNP-APTES to plasmid DNA (EF1-eGFP) was studied using UV-

vis spectrophotometry. After incubation of DNA with given amount of pSiNPs, the mixture was 

centrifuged for 3 min at 5000 rpm. The concentration of DNA (λ=260 nm) in the supernatant 

was measured using a spectrophotometer (NanoDrop 2000) by placing 1 µL of supernatant on 

sample drop chamber. An extinction coefficient of ds DNA at the above wavelength = 0.020 

(μg/ml)
−1

 cm
−1

was used to calculate concentration. 

6.2.7. Transfection of HEK 293 cells 

           HEK 293 cells (0.5 mL) were placed at a seeding density of 10,000 cells per well on the 

sterilized glass slide and placed into incubator to allow the cells to settle for 30 minutes. After 

that 3.5 mL complete medium was added into each well. Cells were allowed to incubate at 37 

°C with 5% CO2 in air, in a humidified incubator for 24 h. Then cells were treated with just the 

DNA itself, pSiNPs, pSiNP-APTES-DNA complex, and LyoVeC-DNA complex. After a 

desired period of transfection, eGFP expression was monitored by fluorescence microscopy. 
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6.2.9. Instrumentation 

          The morphologies of pSiNPs were characterized by transmission electron microscopy 

(TEM) JEOL TEM-2100 operating at 200 kV. A Beckman DU-64 spectrophotometer was used 

for measuring the absorbance of a given ninhydrin complex. Cells were counted manually using 

a Bright-Line Hemacytometer, and viewed under a Nikon Eclipse TS-100 inverted microscope 

and optical images were recorded using a Nikon CCD camera. Unbound DNA concentrations 

were analyzed using a NanoDrop spectrophotometer (ND2000). Zeta potentials were measured 

by Zetasizer Nano ZS. eGFP expression was imaged using a fluorescence microscope (Zeiss 

Axiovert 200). 

6.3. Results and Discussion 

6.3.1. TEM analysis of pSiNPs 

          Tabasheer powder with a particle size of 25±15 µm was used as precursors to make 

submicron size particles. After an optimized milling process the size of tabasheer powder has 

reduced down to 1230±550 nm (Fig. 66a) [as discussed in the Experimental Section]. The milled 

tabasheer powder was calcinated and reduced to pSi using magnesiothermic reduction. The 

reduced pSi powder was centrifuged several times to get a particle size of 620±270 nm (t4, Fig. 

66b). From EDX analysis of the pSiNPs (620±270 nm) shown in Fig. 67 a), it is evident that the 

final product obtained from magnesiothermic reduction reaction is ~99% pure with no 

measurable traces of magnesium. High resolution HRTEM images reveal the presence of small 

nanocrystals embedded in an amorphous matrix as shown in Fig.66 b), lattice spacing distance of 

0.310 nm associated with the Si (111), FFT (Fast Fourier Transform, Fig. 66b inset) diffraction 

pattern is consistent with a polycrystalline orientation (as discussed in Chapter 2).  
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Figure 66. a) TEM image and corresponding size distribution of tabasheer powder after milling 

(1230 ± 550 nm). b) TEM image and corresponding size distribution of pSiNPs derived from the 

milled tabasheer (620 ± 270 nm). 

 

 

 

 

 

 

 

Figure 67. a) EDX analysis of pSiNPs derived from milled tabasheer. b) HRTEM images of 

pSiNPs showing lattice spacing of crystalline Si corresponding to Si (111) lattice planes. 
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6.3.2. Surface modification and DNA binding studies 

          pSiNPs were functionalized with 3-aminopropyl-triethoxysilane (APTES)in order to 

immobilize or conjugate plasmid DNA. The alkoxysilanes form covalent Si-O-Si bonds with 

hydroxyl groups on native oxide rich pSiNPs leaving (protonated) primary amine moieties ready 

to bind with DNA. Due to electrostatic interactions the positively charged reactive primary-

amine moieties (dispersed in D.I water) can bind with negatively charged plasmid DNA. 

Quantified amine groups based on positive ninhydrin test is 2 amine groups/nm
2 

(Experimental 

section). Number of amino groups calculated Zeta potential measurements further confirmed the 

presence of amine groups on pSiNPs. As shown in Figure 68, the typical zeta potential of (as-

prepared) pSiNPs was −15.43±0.53 mV consistent with negatively charged surface silanol 

groups while APTES modified pSiNPs was +11.57±0.42 mV due to the positively charged 

amino groups on pSiNPs. 

 

 

 

 

 

 

 

 Figure 68. Zeta potentials of the pSiNPs, pSiNP-APTES, and pSiNP-APTES-DNA complexes. 
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         At a weight ratio (pSiNP-APTES: DNA) of 100:1, with 30 min incubation, the zeta 

potential of the pSiNP-APTES-DNA complex decreased to -7.34 mV, presumably due to the 

binding of DNA with pSiNPs (Fig. 68). The zeta potential of the solution further decreased to -

13.37 mV with an increased incubation time of 60 min. Using a weight ratio (pSiNP-APTES: 

DNA) of 50:1, with 30 min incubation, results in a more negative zeta potential of -26.37 mV. 

Increased efficiency of bound DNA could be the reason for decreased surface potential. 

Table 6. Plasmid DNA loading capacities at various weight ratios of pSiNP-APTES/DNA, and 

incubation times. 

Test sample 
Incubation 

time 
Added amount of 

DNA 
Conc. Of DNA in 

supernatant 
Encapsulation 

efficiency 

(pSiNP-APTES):DNA 
(100:1) 

30 min 10 ng/µL 2.7 ng/µL 61±2% 

(pSiNP-APTES):DNA 
(100:1) 

60 min 10 ng/µL 2.9 ng/µL 58±1% 

(pSiNP-APTES):DNA 
(50:1) 

30 min 10 ng/µL 4.1 ng/µL 70±4% 

LyoVec 30 min 10 ng/µL 0 100% 

 

          This behavior was investigated in further detail by studying the encapsulation ability of 

pSiNP-APTES to plasmid DNA by UV-Visible spectrophotometric analysis. As shown in Table 

6, the plasmid DNA concentration in the supernatant (excess DNA) can be observed at different 

weight ratios of pSiNP-APTES/DNA, which suggests that DNA was able to bind to pSiNP-

APTES nanoparticles. There is no big change in encapsulation efficiency with longer incubation 

time with same pSiNP-APTES/DNA ratios. This suggests that with pSiNP-APTES: DNA with a 

100:1 weight ratio has reached a saturation (loading by electrostatic interaction). Whereas in case 

of pSiNPs-APTES: DNA ratio of 50:1 (increased DNA amount), showed higher loading 
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efficiency of 70%. This suggests along with electrostatic interaction, excess plasmid DNA has 

bound to pSiNPs by non-specific adsorption (bound inside pores).  

6.3.3. Transfection experiments 

          The gene transfection experiments were done in a 6 well plate, cells (HEK 293) were 

seeded with a density of 10000 cells/ well. Wells were treated with naked DNA, pSiNPs, 

pSiNPs-APTES (negative control), pSiNP-APTES-DNA (test sample), and LyoVec-DNA 

(positive control). eGFP expression was observed for for 24 h, 48 h and 72 h. The transfection 

efficiencies were measured using Image J software based on taking the ratio of pixels associated 

with the area of fluorescent cells to the total area associated with fluorescent and non-fluorescent 

cells 

            Figure 69(a) shows internalization of individual pSiNPs into the cells with less 

aggregation after 48 h, with some particles bound to cell membrane and some were internalized. 

Figure 69(b) shows internalization of pSiNP-APTES particle aggregates. Figure 69(c) shows 

pSiNP-APTES-DNA complexes internalized into the cells with expression of eGFP after 48 h of 

transfection. Considerable particle aggregation is observed in case of pSi-DNA complexes as 

well.   

           Aggregation of the particles can be attributed to the lowered surface charge (zeta potential 

-7.4 mV) on the particles (pSiNP-APTES) after addition of plasmid DNA. Even though the 

pSiNP-APTES particles have a positive potential of +11.47 (measured in water), aggregation of 

pSiNP-APTES particles is likely a consequence of the spontaneous adsorption of serum proteins 

on to the surface after suspended in DMEM complete medium with 10% fetal bovine serum. 
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pSiNP-APTES-DNA complex (dispersed in 250 µL) with a ratio of 100:1 showed a broad range 

of transfection efficiencies (23±11%) after 48 h transfection (Fig. 70). In contrast the positive 

control LyoVec showed a transfection efficiency of 65±30% after 48 h (Fig. 71).  

Figure 69. Internalization of a) pSiNPs (arrows indicate internalized pSiNPs), b) pSiNP-APTES 

(arrows indicate aggregates of pSiNPs) c) pSiNP-APTES-DNA complexes into HEK 293 cells 

after 48 h transfection. 

 

         Low expression of fluorescence (˂ 1%) was observed in case of PEG functionalized 

pSiNPs with a terminal carboxylate moiety. This is expected because of the PEG diacid with 

negatively charged surface carboxylate groups has low binding efficiency towards negatively 

charged plasmid, which further explains the low gene expression levels.   
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Figure 70. HEK 293 cells treated with pSiNP-APTES-DNA complex with a ratio of 100:1, 

expressed eGFP after 48 h transfection. 

 

Figure 71. HEK 293 cells treated with LyoVec-DNA complex, expressed eGFP after 48 h 

transfection. 
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            According to the previous studies it has been reported that amine derivatized pSi particles 

up to 600-1000 nm were endocytosed by non-phagocyte cells.
184,188 

Our results suggested that 

pSiNPs were successfully functionalized with APTES. According to the literature suggestions, 

pSiNP-APTES particles of ~620 ± 270 nm size were able to internalize into the cells by 

endocytosis because of their size and surface charge.  

            Cationic polymers and lipid based systems such as LyoVec show higher transfection 

efficiencies, but it should be emphasized that the net positive charge after complexation with 

DNA will lead to adsorption of LyoVec-DNA complexes to non-targeted cells of interest and 

this causes toxicity due to cell membrane disruption.
182

In our case pSiNPs after complexation 

with DNA showed a net negative charge, and this could potentially reduce the positive charge 

based cytotoxicity to the cells. Internalized pSiNP-APTES-DNA complexes successfully 

expressed eGFP after 48 h.  

            So far, no studies have been carried out on detailed mechanisms of plasmid DNA release 

from silicon/silica based non-viral vectors. Degradation kinetics of the pSi carrier is  slow in case 

of plant derived porous silicon (discussed in Chapter 2) and surface functionalization with 

APTES further reduces it.
58

 So pSi degradation based release of DNA is presumably not the 

major release mechanism of DNA from the complex. It has been showed that DNA can be 

released from the vector-DNA complex because of its competitive interaction with other serum 

and cytoplasm proteins.
181 

Based on these literature reports, we infer that DNA release from the 

pSiNP-APTES-DNA complexis due to slow diffusion of DNA from the pores as well as 

competitive interaction of pSiNP-APTES with cytoplasmic proteins. From the transfection 

results it is clear that plant derived porous silicon nanoparticles were able to express eGFP within 

48 h, suggesting that these are promising candidates as non-viral gene delivery vectors. 
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6.4. Summary 

           In this chapter, a detailed study of the plant derived porous silicon particle fabrication, 

size reduction, surface modification, and gene transfection was carried out. We have successfully 

modified the surface of these pSiNPs with APTES. We have shown that these alkoxysillane 

modified pSiNPs have high encapsulation efficiencies for plasmid DNA due to electrostatic 

interactions. Cytotoxicity studies of the pSiNPs are under progress. In vitro transfection 

experiments suggest that pSiNPs could efficiently transfect plasmid DNA into HEK 293 cells 

and express eGFP within 48 hours. Further investigations are necessary, likely involving 

additional surface functionalization and further experiments to determine the proper ratio of 

DNA to pSiNPs with the long-term goal of achieving even higher transfection efficiencies. 
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With a primary focus on the economy and simplicity in fabrication, we have presented an 

eco-friendly fabrication route as an alternative to conventional etching methods for preparing pSi 

particles of high purity in competitive yields, possessing high surface areas as well. We have 

evaluated the ability of these nanostructured pSi particles for drug and gene delivery 

applications.  

In Chapter I, different fabrication methods to create pSi particles were discussed. Key 

aspects of fabrication methods including experimental setup, porous silicon formation 

mechanisms, tuning the porosities were highlighted. Initial studies on biocompatibility and 

biodegradability nature of pSi particles along with some of the commonly used surface 

functionalities to tune the biodegradability were briefly discussed. Some of the key studies on 

use of pSi as a drug delivery carrier, biosensor, and in tissue engineering applications were 

presented. 

 In Chapter II, we have shown that silicon accumulator plants Bambuseae (tabasheer) and 

E. telmateia as cost effective feedstocks to create high surface area pSi microparticles. Our eco-

friendly fabrication route involving magnesiothermic reduction resulted in competitive yields, 

70% conversion of silica to silicon  in case of tabasheer, and 60% in case of horsetail with a 

purity of ~99% (no measurable magnesium silicate phases). BET analysis showed formation of 

high surface area (180 m
2
/g) pSi powders from tabasheer derived pSi with an average pore 

diameter of 11 nm. Nanostructured features of pSi evaluated by TEM analysis showed presence 

of small Si crystallites (4-8 nm) embedded within the amorphous matrix. XRD, and Raman 

analysis further supported the crystalline nature of Si present within these highly oxidized pSi 

skeletons. Our preliminary studies on in vitro degradation of tabasheer derived pSi showed 50% 

degradation within 8 weeks. Our studies shows that, use of silicon accumulator plants or 
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agriculture waste as cost effective feedstocks to create high surface area pSi particles with high 

purity in competitive yields makes it an economical eco-friendly alternative for 

electrochemically etched pSi powders. However more studies involving tuning of wide range of 

degradation kinetics of plant derived pSi powders is needed to use them for variety of in vitro/in 

vivo applications. 

           In Chapter III, we have shown that a single plant (Bambuseae arundinacea), can yield 

bioactive components (antibacterial) as well as drug delivery carrier (pSi). pSi particles loaded 

with Bambuseae arundinacea ethanolic leaf extract showed a loading capacity of 25% by 

weight. Subsequent chromatographic separation of this extract revealed that the active 

antimicrobial species present include stigmasterol and 2,6-dimethoxy-p-benzoquinone. In vitro 

studies on the sustained release of the antibacterial components from the pSi carrier matrix 

showed prolonged antibacterial activity for a period of > 2 weeks, measured by disc diffusion 

assay. From our studies, it is clear that the dual advantage of the single plant source for creating 

this type of drug delivery carrier matrix would be an ideal low-cost option for countries with 

extensive resources of silicon accumulator plants in future synergistic drug delivery applications. 

             In Chapter 1V, and V with a goal to increase the bioavailability of poorly dissolvable 

vitamins and plant based polyphenolic compounds we have loaded them into plant derived pSi 

microparticles. In both cases DSC and XRD measurements showed that these components are 

encapsulated into pSi in a more soluble form (due to nanostructuring of crystalline compounds). 

This in turn resulted in resulted in enhanced solubility of entrapped compounds. In vitro 

cumulative release profile of vitamin D3 showed enhanced solubility of the vitamin by  ~9 times 

in case of melt loaded vitamin D3, ~11 times in case of incipient loaded vitamin D3 compared to 

just the vitamin itself. In case of polyphenolic compounds extracted from E. arvense, after 
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loading these compounds into pSi, enhanced their solubility which resulted in enhanced anti-

inflammatory activity measured by luciferase assay. 

            In Chapter VI, optimization of size reduction process of plant derived pSiNPs, surface 

modification pSiNPs by APTES and PEG, and gene transfection experiments using pSiNP-DNA 

complexes were detailed. For effective loading of negatively charged DNA, we have modified 

the surface of pSiNPs with APTES. DNA loaded with pSiNP-APTES complex with a ratio of 

100:1 (by mass) with a 30 min incubation time showed a high encapsulation efficiency of 60%. 

In vitro transfection experiments suggest that pSiNPs efficiently transfected plasmid DNA into 

HEK 293 cells and expressed eGFP within 48 h with a transfection efficiency of 23±11%. More 

studies involving the optimization of proper ratio of DNA to pSiNPs are needed to increase the 

transfection efficiencies. 

           Overall, the data obtained from these experiments sets the stage for further investigations 

of this material in vitro and ultimately of possible therapeutic value in vivo. 
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Abstract 
 

Sustainable Routes to Porous Silicon Nanostructures as Drug and Gene Delivery Vehicles 

 

Jhansi Rani Kalluri 

Department of Chemistry & Biochemistry 

Advisor: Dr. Jeffery L. Coffer 

 

          Porous silicon (pSi), with its nanoscale architecture, acts as a promising resorbable 

biomaterial for a broad variety of applications: biosensors, orthopedic tissue engineering, and 

controlled drug delivery. The most conventional methods for preparing porous silicon particles 

are anodization of silicon wafers and metal-assisted chemical etching (MACE). These 

established techniques require elemental crystalline silicon feedstocks, and the use of corrosive 

hydrofluoric acid (HF) and organic solvents.
 

            Rather than employing these methods, we have developed an eco-friendly alternative of 

producing pSi from silicon accumulator plants/agriculture waste. Two different silicon 

accumulator plants Bambuseae (tabasheer) and Equisetum telmateia (great horsetail)have been 

investigated for this purpose, and high surface area porous silicon nanostructures prepared using 

a magnesiothermic reduction of silica isolated from these plants. This fabrication process of pSi 

includes extraction of biogenic silica from the ground plant by calcination, followed by reduction 

with magnesium, and purification of reduced Si product. Details of fabrication process and 

characterization of pSi powders by a combination of scanning electron microscopy (SEM), 

energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and low temperature nitrogen gas adsorption measurements will be outlined 

in this presentation.  



 
 

 
 

          As pointed out above, Bambuseae serves as a viable eco-friendly starting materials for 

fabricating porous silicon (pSi).At the same time, if the selected plant leaf components contain 

medicinally-active species (antibacterial) as well, then the single substance can provide not only 

the nanoscale high surface area drug delivery carrier, but the drug itself. With this idea in mind 

using a single plant source (Bambuseae) we have developed porous silicon based drug delivery 

carrier matrix for the sustained release of antibacterials. 

           Nanoentrapment of vitamins, nutrients, and plant based therapeutics is another attractive 

area in food and pharmaceutical industries to address the challenges of stability and 

bioavailability of entrapped agents. One way to increase the bioavailability of the drugs is by 

enhancing their solubility. We have evaluated the ability of nanostructured plant-derived porous 

silicon particles (pSi) as potential candidates to increase the solubility of plant extracts rich in 

therapeutic polyphenolic compounds (Equisetum arvense) and a poorly water soluble vitamin 

(vitamin d3).  

           We have also evaluated the ability of plant derived porous silicon nanoparticles (pSiNPs) 

as gene delivery vehicles. Following necessary reduction of pSiNP particle size and 

functionalization with primary amine moieties at the nanoparticle surface, the binding of a 

reporter plasmid DNA, pEF1-eGFP (endothelial factor 1 enhanced green fluorescent protein, 

6429 bp) to the pSiNPs was investigated, followed by attempted transfection of HEK293 cells. 


