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3.3.6 Controlled release test of multi-drug models 

The purpose of this project is to design self-assembled polymeric nanoparticle 

scaffolds with the ability to load different types of drugs allowing for controlled release 

for each drug. In prior work insulin was used as macromolecular model drug and loaded 

into nanoparticle scaffolds (0.15 wt.% loading quantity) without destroying the 

self-assembled structure. This system showed sustainable release over 3 weeks (26). To 

further study multi-drug loading abilities and the simultaneous sustainable release of each 

drug, several compounds with different properties are used as model drugs and loaded in 

nanoparticle scaffolds, and the controlled release was tested. The compounds were DBF 

as a hydrophobic small molecule model, nitrofurazone as a less hydrophobic small 

molecule model and amoxicillin as hydrophilic small molecule model drug.  

The theoretic and actual loading levels of the model drugs in each type of 

nanoparticles are summarized in Table 3.3 and Table 3.4. The cumulative release of each 

model drug from the self-assembled nanoparticle scaffolds is shown in Figure 3.11. 

 

(a) 
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(b) 

 

(c) 

Figure 3.11. Cumulative release (wt.%) of model drugs from self-assembled nanoparticle 

scaffolds with different particle size and composition.(a) Cumulative release of DBF from 

various assembled scaffolds; (b) Simultaneous cumulative release of nitrofurazone from 
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self-assembled scaffolds; (c) Simultaneous cumulative release of amoxicillin from 

self-assembled scaffolds. 

DBF is first used as hydrophobic small molecule model drug and loaded in both 

P1-NP-P1 and P2-NP-P2 to perform controlled release test over 3 weeks from 

self-assembled scaffolds to determine long release period. The theoretical loading 

quantity is set up to 0.2 wt.% and high loading efficiency is achieved between 85 to 95% 

for these hydrophobic small molecules. The releasing profile in Figure 3.11a shows only 

1.5 to 5.5 wt.% of DBF released from scaffold over 3 weeks, and smaller nanoparticles 

generally released more quickly than bigger ones, except S-3  showing faster than from 

S-2 (Table 3.3, S-3 has bigger particle size than S-2). 

Simultaneous loading of multiple drugs and governing release rate of each drug from 

same scaffold is one of the main objectives of this project. Here we use nitrofurazone 

(less hydrophobic small molecule) and amoxicillin (slight water soluble hydrophilic small 

molecule) as model drugs to load in P1-NP-P1 and P2-NP-P2 separately, and then couple 

these two peptide-functionalized nanoparticles to self-assemble into scaffold to perform 

simultaneous controlled release test of both drugs from same scaffold. For these two 

model drugs, the theoretical loading quantity is increased to 5.0 wt.% with actual loading 

efficiency ranging from 58 to 94 % for nitrofurazone and from 24 to 32% for amoxicillin. 

Again, the high loading efficiency for less hydrophobic small molecules (nitrofurazone) 

is still achieved though the loading quantity is increased to 5.0 wt.%. While loading 

efficiency for hydrophilic small molecule (amoxicillin) is relatively reduced due to its 

water solubility. 

Figure 3.11 b,c show the simultaneous releasing profiles from the self-assembled 

nanoparticle scaffolds. Two main results can be read from their releasing profiles: (1) 

Hydrophilic molecules (amoxicillin) release more quickly than hydrophobic molecules 

(nitrofurazone); (2) The general trends are that smaller nanoparticles release drugs more 
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quickly than bigger nanoparticles (S-1>S-2>S-3),where hydrophobic core (PMMA) is 

increased for these nanoparticle scaffolds, except nitrofurazone released from S-3 showed 

inverse trend (Fig. 3.11 b).  

While comparing release behavior of nitrofurazone and amoxicillin from S-2 and S-4 

(self-assembled from peptide-functionalized PVP-b-3PMMA-b-PVP and 

PHEMA-b-3PMMA-b-PHEMA), the nanoparticle composition of hydrophilic shell is 

changed, but the particle size is very close, the releasing behavior shows significant 

difference.  It appears that hydrophilic shell of PHEMA enhanced amoxicillin release 

rate, but reduced nitrofurazone release. This is most likely due to hydrogen bonding 

interaction with drugs from hydroxyl groups of PHEMA shell, while PVP shell does not 

possess such groups. This means the shell property is another factor to govern release rate 

of drugs with different hydrophilicity, but not only be controlled by hydrophobic core 

domain and particle size. 

Even though the detailed release rate of drugs from core-shell nanoparticles is 

complexly influenced by several factors, such as drug properties, actual loading quantity, 

core-shell ratio, porous structure and shell properties, the basic principle is that 

hydrophobic molecules (i.e. DBF and nitrofurazone) prefer to be encapsulated into 

hydrophobic core (i.e. PMMA) of the self-assembled core-shell polymeric nanoparticles, 

while hydrophilic molecules (i.e. amoxicillin) are more likely to be captured in 

hydrophilic shell (i.e. PVP or PHEMA). So the general trends are that the bigger 

hydrophobic core domain more easily encapsulates with hydrophobic molecules, while 

the hydrophilic molecules are more likely to be captured in more hydrophilic shell 

domain. The releasing rate of hydrophobic drugs (i.e. DBF or nitrofurazone) is mainly 

governed by diffusion through hydrophobic core to hydrophilic shell and then entering 

into aqueous media, so that they release more quickly from smaller nanoparticles than 

bigger ones. While the hydrophilic drugs (i.e. amoxicillin) are mostly captured in 



116 
 

hydrophilic shell and thus have shorter diffusion route to aqueous media, showing higher 

releasing rate, but release rate can be affected by both diffusion speed and molecular 

interaction force with shell functional groups. 

3.3.7 Cytotoxicity test with NIH3T3 cell lines 

The cytotoxicity test of the self-assembled scaffolds with different particle size and 

composition was conducted by incubating Fibroblast cells (NIH3T3 cell lines) with 

self-assembled nanoparticle scaffold membrane (~500 g for each scaffold membrane) in 

each glass culture dish with cell media in a humidified incubator with 5% CO2 at 37 C. 

The cell growth behavior was monitored by optical microscopy observation every 24 h 

with total testing period for one week. At 72 h, the optical microscopy images of the cell 

proliferation status in each culture dish were recorded and the results are shown in Figure 

3.12. 

 

  

(a)                              (b) 
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(c)                               (d) 

Figure 3.12. Cytotoxicity tests of an assembled scaffold membrane with Fibroblast cells 

in a glass culture dish. The micrographs were recorded after incubating for 72 h in a 

humidified incubator with 5 % CO2 at 37 C. The nanoparticle scaffold samples in each 

culture dish are: (a) S-1 from P1-NP1-P1and P2-NP1-P2; (b) S-2 from P1-NP2-P1and 

P2-NP2-P2; (c) S-3 from P1-NP3-P1and P2-NP3-P2; (d) S-4 from P1-NP4-P1 and 

P2-NP4-P2 (see Table 3.3). Scale bar 100 m. 

 

Figure 3.12 shows that the nanoparticle scaffold membranes, prepared with different 

particle sizesand copolymer compositions (S-1 to S-4, Table 3.3) showedno toxicity nor 

did they inhibit fibroblast cell growth at concentrations of ~500 g scaffold/5 mL cell 

media. All theself-assembled scaffold membrane remained stable in the cell media 

throughout the incubation period, except S-3 (assembled from P1-NP3-P1 and 

P2-NP3-P2, Fig. 3.12 c), which broke down into small pieces after incubating 72 h in cell 

media. However, optical microscopy images also showed that the fibroblast cells did not 

effectively adhere to this membrane surface for migration and proliferation. 

In order to improve cell adhesion to membrane surface, we tried to physically 

incorporate cell adhesion peptides (RGDS) into nanoparticles and then self-assemble into 
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2D membrane for cell tests.Here we loaded peptides (RGDS, 1 wt.%) in nanoparticles of 

both P1-NP2-P1 and P2-NP2-P2, and P1-NP4-P1 and P2-NP4-P2 (Table 3.3), to 

self-assemble into RGDS-loaded S-2 and S-4. The peptide-loaded scaffold membrane 

was similarly prepared and incubated with fibroblast cells in a humidified incubator for 1 

week with optical microscopy observation every 24 h.  Figure 3.13 shows optical 

micrographics taken after incubating 108 h.Again, both scaffold membrane did not show 

toxicity or inhibition to cell growth with stable structure. But unfortunately, our study 

shows that physical incorporation of cell adhesion peptides in nanoparticle scaffold did 

not apparently improve cell adhesion efficiency to membrane surface. 

 
(a)                          (b) 

Figure 3.13.  Fibroblast cell proliferation and migration on self-assembled nanoparticle 

membrane surface after the nanoparticle was physically incorporated with cell adhesion 

peptides (RGDS). (a) S-2 self-assembled from P1-NP2-P1 and P2-NP2-P2; (b) S-4 

self-assembled from P1-NP4-P1 and P2-NP4-P2. 

 

3.4 Conclusion 

A novel type of self-assembled fibrous nanoparticle scaffolding system was 

demonstrated that employs peptide-functionalized polymeric nanoparticles that 
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self-assemble into continuous ‘nanoparticle-fibers’ in aqueous solution. This type of 

nanoparticle scaffold possesses all the advantages of nanoparticles’ abilities to contain 

and control the release of active ingredients (demonstrated here with model hydrophobic 

and hydrophilic drugs) with the ability of peptides to assemble into controlled 1D, 2D, 

and 3D structures. Combining these capabilities into a single “device” allows the 

simultaneous incorporation of multiple drugs, each with the desired quantity and release 

rate appropriate for that drug, along with the ability to obtain a uniform distribution of 

these drugs in a scaffolding system, or if desired a non-uniform distribution, and couples 

these abilities with the flexibility of hydrogel scaffold if desired. The porosity of the 

nanoparticle scaffolds, and the release rate of incorporated drugs, can be controlled by 

adjusting polymeric nanoparticle size and composition. This can be accomplished by any 

controlled polymerization route, but was done hereby RAFT polymerization. The 

versatility of this fundamental technique can be expanded to other biocompatible 

amphiphilic copolymers as long as it contains reactive end groups that are able to couple 

with ionic complementary peptides. This system can also co-assemble with host ionic 

complementary peptides to form nanoparticle-peptide composite gel scaffolds, which can 

further broaden the applications of polymeric controlled drug delivery system and peptide 

nanofiber scaffolds for tissue engineering. Our studies show that optimization of the 

scaffold surface is required to improve cell adhesion to nanoparticle surface s, which can 

be accomplished by immobilizing cell adhesion ligands on polymeric nanoparticle 

surfaces. In this work we also noted that the designer peptide self-assembly is easily 

converted into an amorphous aggregate after washing with aqueous solution, which was 

due to an overly water-soluble peptide structure, so alternative designer peptides can be 

designed with less solubility to increase the mechanical stability and lower the critical 

concentration to form stable self-assembled peptide nanofibers with enhanced mechanical 

strength. 



120 
 

Main Findings in This Chapter: 

Amphiphilic triblock copolymers were synthesized by RAFT polymerization using 

BDAT as CTA. These amphiphilic copolymers were shown to self-assemble into 

core-shell nanoparticles, tobe functionalized with ionic complementary peptides (P1 and 

P2), and then to undergo furtherself-assembly into fibrous nanoparticle scaffolds with 

porosity and morphology depending on nanoparticle size. The nanoparticle scaffolds 

were prepared with different model drugs that were hydrophobic and hydrophilic, and 

that could be loaded into different sets of peptide-functionalized nanoparticles and 

self-assembled into nanoparticle scaffolds. Controlled release tests showed simultaneous 

release with different releasing rates from the scaffolding system, and that the releasing 

rate of these model drugs were effectively governed by particle size and composition. The 

peptide-functionalized nanoparticles can also co-assemble with host ionic complementary 

peptides (P1 and P2) to form composite peptide hydrogels, showing uniform distribution 

of nanoparticles in peptide hydrogel scaffolds with microscale diameter and in a fiber 

length that is hundreds ofmicromemters long, which is much larger scale than traditional 

peptide nanofiber scaffolds. The designed nanoparticle scaffolds with different particle 

size and shell composition demonstratedexcellent biocompatibility with NIH3T3 

fibroblast cell lines and also possessed excellent stability in cell media throughout the cell 

test period. 
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Abstract 

A simple, one-step and one-pot method was used to synthesize amphiphilic 

self-assembling chitosan-g-PMMA nanoparticles (~100 nm diameter by SEM, but 

~150-200 nm in water by DLS), containing ~25-28 wt% (~82–93% capture efficiency) of 

the fungicide tebuconazole. The matrix composition was selected to be environmentally 

low impact, while the nanoparticle preparation conditions were designed to ensure the 

nanoparticles sufficiently small to be able to penetrate the pit-pores of solid wood. These 

nanoparticles were delivered into southern pine sapwood blocks at target fungicide 

retentions of 0.2, 0.4 and 0.8 kg tebuconazole/m3 wood. SEM analysis of a 1919455 

mm nanoparticle-treated wooden stake confirmed penetration throughout the interior of 

the treated stake. Leaching studies confirmed that biocide introduced into sapwood via 

nanoparticle carriers leached only about 9% as much fungicide as solution-treated 

controls, while soil jar tests showed the nanoparticle-treated wood blocks effectively 

protected the wood from biological decay when tested against G. trabeum, a brown rot 

fungus.  

 

Keywords: controlled release, chitosan-g-PMMA nanoparticle, amphiphilic nanoparticle, 

core-shell structure, tebuconazole, biocide leach 
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4.1 Introduction 

Amphiphilic block and graft copolymers are routinely used to prepare 

self-assembling core-shell nanoparticles. Such copolymers are readily prepared from 

synthetic polymers, biopolymers, or combinations of both (1-8). Polysaccharides and 

proteins are well-suited for preparing grafted amphiphilic copolymer nanoparticles 

because of the large number of polymerizable groups they possess along their backbone. 

Chitosan is possibly the most commonly selected polysaccharide for grafted 

amphiphilic copolymer nanoparticles. Its repeat units bear either a primary amine group 

or an amide group if that unit is not hydrolyzed. The large number of amine groups can 

be utilized in either grafting-to or grafting-from reactions. A recent review describes the 

synthesis, properties, and uses of many different chitosan amphiphiles (8,9). One 

“grafting from” reaction uses these amines to react with peroxides under mild conditions 

yielding amine radicals that can efficiently react with hydrophobic monomers to form 

amphiphilic core-shell nanoparticles (1). 

Chitosan’s biocompatibility, biodegradability, and antimicrobial activity are why it is 

employed in many biomedical and cosmetic applications. A recent review describes the 

synthesis, properties, and uses of many different chitosan amphiphiles (8). However, 

high-value applications still account for most nanoparticle uses, improvements in 

technology as well as consumer trends are allowing nanoparticle uses to penetrate 

commodity areas as well. For example, one recent publication describes amphiphilic 

chitosan micelles for the controlled release of rotenone (9). However, that used a 

multi-step synthesis and the encapsulation efficiency was low. Another report, from 2003 

described controlled release of agrochemicals from chitosan (10), but those were 

microparticles. 

The objective of this project was to study the beneficial effects of using nanoparticles 

in wood preservation. We had previously studied controlled release nanoparticles in solid 
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wood, prepared using synthetic polymers under dilute conditions in a 

solvent-displacement route (11-13). The nanoparticle-treated wood was tested against 

both a brown and white rot fungus, and biological efficacy compared well with the 

solution-treated controls. At that time no work was done to test the biocide leaching.  

The rationale for employing controlled release nanoparticles to deliver organic 

biocides into solid wood was the hypothesis that a controlled biocide release would 

maintain an effective protection of the solid wood and might also reduce biocide leaching 

into the environment. The significance of reducing biocide leaching from treated wood is 

that when biocide leaches from wood it leaves the wood less well-protected from 

biological attack, and the leached biocide can have detrimental effects on the 

environment into which it is released. If less biocide is lost to the environment, then 

potentially the wood could be effectively protected with less biocide, which is beneficial 

to both the environment and to the cost of the preserved wood. In this application solid 

nanoparticles are favored over liquid micelles, which are more easily delivered into wood 

than solid particles, because of the desire to control the biocide release and to avoid the 

use of surfactant. The amphiphilic design is preferred because this allows a hydrophobic 

core composition to be used to manipulate the release rate while the shell can be 

hydrophilic to give a stable suspension in water. The nanometer size, preferably below 

150 nm, is required because of the anatomy of solid wood, where the small size is 

required to penetrate the pit pores to enter into the wood interior.  

Our recent study supported the hypothesis of reduced biocide leach using 

gelatin-g-PMMA nanoparticles (1), but ungrafted gelatin complicated analysis of the  

data, and the gelatin may have promoted biological decay within the wood. The purpose 

of this paper is to prove the hypothesis that decreased biocide leach occurs by use of 

controlled-release nanoparticles, to quantify the decrease in biocide leaching, to show 

that wood preservation is not decreased, and to confirm nanoparticle penetration into 
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wood interior on larger wood specimens than those used in standard soil jar studies. Here 

we prepared fungicide-containing chitosan-g-PMMA core-shell nanoparticles using the 

grafting approach outlined in Scheme 4.1. Chitosan was selected as the shell material 

despite the fact that the NPs could be prepared at only ~2-5 wt% polymer solids in an 

aqueous medium containing acetic acid, because it was speculated that chitosan might 

enhance wood preservation, while gelatin, which can be used to prepare nanoparticles by 

this approach at 10 wt% solids appeared to contribute to biological decay and made 

analysis more difficult. 

 

Scheme 4.1. Synthetic route producing self-assembled chitosan-g-PMMA nanoparticles. 
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4.2 Experimental Part 

4.2.1 Materials  

Chitosan (~ 70% deacetylation) from crab shell was donated by Cochin University of 

Science and Technology (Cochin, India). Tebuconazole fungicide was donated by 

Lanxess Corporation (Pittsburg, PA). Methyl methacrylate (MMA, 99.0%) and 

2-hydroxyethylmethacrylate (HEMA, 97%) were from Sigma Aldrich (Milwaukee, USA) 

and were distilled prior to use. Ammonium persulfate (APS, 95%) and benzophenone 

(99%) were from Mallinckrodt Chemical Works (St. Louis, USA) and Sigma Aldrich, and 

were used as received. Fungal tests used Gloeophyllum trabeum (ATCC 11539), a 

basidomycete brown rot wood decay fungus. Wood blocks were 19x19x19 mm, unless 

otherwise noted, and were cut from southern pine sapwood in the MTU School of Forest 

Resources and Environmental Science. 

4.2.2 Preparation of Nanoparticles 

Nanoparticles were prepared using a modification of the methods reported by Li (14) 

and Qian (15). Briefly, chitosan was dissolved in deionized water (DI H2O) containing 

acetic acid (0.67 g acetic acid/g chitosan). For example, 0.5 g chitosan was dissolved in 

0.43 wt% AcOH to give 75 mL of solution at 50 C. The reaction solution was purged 

with nitrogen gas for 0.5 h prior to the addition of MMA (MMA to Chitosan 2:1 w/w). 

The total concentration of chitosan and MMA ranged from 1-5 % w/w. Tebuconazole (30 

w% based on the combined mass of chitosan and MMA) was dissolved in about 5 mL of 

acetone and then added dropwise to the reaction solution under magnetic stirring. After 

mixing for 10 min, the reaction temperature was increased to 70 C. APS (0.037% w/v), 

dissolved in a small amount of deionized water, was then added to initiate the grafting 

reaction. The reaction was kept at 70 C with magnetic stirring at 400 rpm for 24 h. This 

procedure was also used to prepare nanoparticles without tebuconazole by skipping the 

tebuconazole addition step. The yield of chitosan-g-PMMA NPs without tebuconazole 
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ranged from ~ 94-99% with a grafting efficiency of ~ 74-87%. 

4.2.3 Nanoparticle Size 

The particle size of as-made nanoparticles was determined (in aqueous suspension) 

by Dynamic Light Scattering (Coulter NP4 Plus, Beckman Coulter, Fullerton, CA) and by 

SEM (Shimadzu QP5050A, Shimadzu Corporation, Germany) using freeze-dried 

nanoparticles. 

 

4.2.4 Nanoparticle Composition 

Nanoparticle composition (without tebuconazole) was determined by gravimetric 

analysis. The as-made nanoparticle suspension was collected, gently heated to evaporate 

most solvent, and then vacuum dried at 50 C for 48 hrs. The dried NPs were extracted 

with 315 mL of chloroform to separate any PMMA homopolymer, and then 320 mL of 

warm deionized water containing 0.67 g acetic acid to separate any ungrafted chitosan. 

The extracts were vacuum dried at 50 C for 48 hrs to obtain the mass of PMMA and 

ungrafted chitosan. The residual mass was chitosan-g-PMMA.  

 

4.2.5 Tebuconazole Content in Nanoparticles 

An aliquot of the tebuconazole-containing nanoparticle suspension was weighed, 

gently heated to remove most solvent, and then vacuum dried at 50 C for 48 hrs to get 

the initial mass of tebuconazole-containing NPs. The tebuconazole component was 

extracted from the dried NPs using 315 mL of ethanol, and the combined extracts were 

then vacuum dried at 40 C to get the tebuconazole mass. The solid extracts were 

confirmed to be pure tebuconazole by 1H NMR. The calculation of the actual content of 

tebuconazole in NP suspension and the needed amount of the as-made NPs suspension to 

treat wood blocks by pressure-treatment is shown in equations (1) and (2):  
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4.2.6 Delivery Efficiency into Wood Blocks 

Wood blocks were submerged in alcohol for 24 hrs to remove some soluble 

extractives and wood sawdust near the surface pores, which would interfere with GC-MS 

analysis and gravimetric analysis. Then wood blocks were treated with NP suspensions in 

accordance with procedures given as the standard method in Wood Pressure Treatment 

(AWPA E11-97) (16). The quantity of as-made nanoparticle suspension needed to deliver 

target retentions of 0.2, 0.4 or 0.8 kg tebuconazole/m3 wood, assuming quantitative 

delivery, was taken and diluted to 90 mL. The 90 mL volume was required to sufficiently 

cover 6 wood blocks having dimensions of 19x19x19 mm when these blocks were placed 

in a beaker. The wood blocks were covered with a plastic mesh and aluminum blocks to 

keep them submerged throughout the treatment process. The beaker was then transferred 

into the pressure cylinder and subjected to a pressure treatment consisting of a partial 

vacuum of less than 25 mmHg for 0.5 h, followed by pressurization to 100 psi for 1 h. 

Specimens were removed, and the remaining suspension was transferred into a 

pre-weighed aluminum dish and heated to dryness to determine the NP mass that was not 

absorbed by wood. Because some extractives are absorbed into the suspension during the 

wood treatment, a measurable residue also results from treating wood “blanks” with  

water. Therefore the measured mass from wood “blanks” is used to adjust the undelivered 

mass from the NP-treated wood specimens. Therefore the delivery efficiency percentage 

is calculated as:  

 (3)  % Delivery = [(dry NP mass in wood – average mass loss from blanks)/initial dry 

NP mass] x 100  
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4.2.7 Leaching Tests 

The leaching test was performed according to The American Wood Preservers 

Association Standard (AWPA E11-97) (16).The leachate was collected in a beaker and 

heated at 80 C to remove water, and then acetone was added to the dried leachate. The 

beaker was sealed for 3 hrs to completely extract the tebuconazole from the leachate. 

Then the acetone solution was transferred to a volumetric flask and a known quantity of 

benzophenone was added to the solution for use as an internal standard to allow a 

quantitative analysis by GC-MS. 

4.2.8 GC-MS Analysis 

AGas Chromatograph/Mass Spectrometer (Shimadzu 5050A, Shimadzu Corporation, 

Germany) equipped with a programmed-temperaturevaporizer was used to measure the 

amount of leached tebuconazole collected as described. MS withelectron-impact (EI) 

ionization (electronenergy 70 eV) was performed in selectedion monitoring (SIM) mode. 

The injection temperature and volume were 280 C and 1 L, which was 100% delivered 

into chromatography column under a flow rate of 1 mL He/min as the carrier gas. The 

oven temperature, initially at 50 ˚C, was raised to 100 C and held for 3 min to remove 

solvent. Then the MS detector began to identify the analyte while ramping the 

temperature at 10 C/min, and finally holding 5 min at 325 C to remove possible 

residues in column. The quantitative analysis was based on the peak areas from mass 

chromatograph. The internal response factor (IRF) was firstly identified by a standard 

solution with a known amount of tebuconazole (TEB) and benzophenone (BEN). The 

IRF was calculated according to equation 4: 

(4) 
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After determining the IRF, the leached tebuconazole amount could be calculated based on 

the internal standard method according to equation 5. 
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4.2.9 Soil Jar Decay Test 

Treated southern pine wood blocks (19x19x19 mm) were dried at 40 ˚C for 24 h. The 

mass was measured to ± 0.005 g. All blocks were exposed to the brown rot fungus, 

Gloeophyllum trabeum ATCC 11539 for 12 weeks. Decay testing was done using 

American Wood Preservers Association (AWPA) testing method E-10-07, "Standard 

Method of Testing Wood Preservatives by Laboratory Soil Block Cultures”. 
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4.3 Results and Discussion 

4.3.1 Study of Reaction Conditions 

 NP diameter typically shows a strong dependency on the concentration of the 

medium in which they are made regardless of if they are made by reaction, 

solvent-displacement or precipitation. To be used as controlled release devices in solid 

wood an NP diameter below 150 nm was desired for good penetration into the wood 

interior. Consequently, the first study tested the effect of the reaction concentration on NP 

diameter (Fig.4.1). Because the NPs will be introduced into the wood in aqueous  

medium, the diameter of the water-swollen NPs will affect their ability to penetrate the 

wood interior. Figure 4.1 shows the particle size of the water-swollen NPs, measured by 

DLS, of chitosan-g-PMMA NPs (designated C2M, indicating that the polymer matrix 

was made using a mass ratio of 2 parts of MMA to 1 part chitosan) after 24 h of reaction 

at concentrations, based on polymer solids. The polymer solids concentration ranged 

from 1.5 up to 5 wt% in acidic H2O (0.43 wt% AcOH). The results show that a 

concentration of 2 wt% or less is required to afford nanoparticles with a water-swollen 

diameter below 200 nm. The C2M water-swollen diameter was ~167±56 nm and 

typically increased by ~20-30 nm when prepared with biocide. Therefore, 2 wt% C2M in 

D.I. H2O was used as the maximum acceptable concentration for these studies, although 

the diameter was larger than desired. 

 

 


