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ABSTRACT 

Stimuli-Responsive Materials for Controlled Release Applications 

Song Li 

The controlled release of therapeutics has been one of the major challenges for 

scientists and engineers during the past three decades. To address this outstanding 

problem, the design and fabrication of stimuli-responsive materials are pursued to 

guarantee the controlled release of cargo at a specific time and with an accurate amount. 

Upon applying different stimuli such as light, magnetic field, heat, pH change, enzymes 

or redox, functional materials change their physicochemical properties through physical 

transformation or chemical reactions, allowing the release of payload agents on demand. 

This dissertation studied three stimuli-responsive membrane systems for controlled 

release from films of macro sizes to microcapsules of nano sizes. The first membrane 

system is a polymeric composite film which can decrease and sustain diffusion upon light 

irradiation. The photo-response of membranes is based on the photoreaction of cinnamic 

derivatives. The second one is composite membrane which can improve diffusion upon 

heating. The thermo-response of membranes comes from the volume phase transition 

ability of hydrogels. The third one is microcapsule which can release encapsulated agents 

upon light irradiation. The photo-response of capsules results from the photoreaction of 

nitrobenzyl derivatives. 

The study on these membrane systems reveals that stimuli-responsive release can be 
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achieved by utilizing different functional materials on either macro or micro level. Based 

on the abundant family of smart materials, designing and fabricating stimuli-responsive 

systems shall lead to various advanced release processes on demand for biomedical 

applications. 
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Chapter 1. Introduction 

The controlled release of therapeutics has been one of the major challenges for 

scientists and engineers during the past decades. Researchers highlight the controlled 

release fashion since it facilitates limitting the adverse side effects of random drug 

administration, which is critical for treatment of many diseases especially cancer. For 

different biomedical applications, various materials have showed great promise coupled 

with excellent biocompatibility profiles. Among them, stimuli-responsive materials are 

always required to guarantee the controlled release of cargo to a desired location, at a 

specific therapeutic time, and with an accurate amount. 

New technologies involving promising stimuli-responsive materials have evolved to 

help limit the side effects of toxic chemotherapeutic agents. The key idea of these 

materials is to respond to a stimulus on demand, or in other words these smart materials 

need to be triggered when needed. The stimuli-response is always coming from the basic 

change of materials at molecular level, which is directly reflected on the designed 

physical or chemical properties. Therefore, upon applying triggers, materials may be 

degraded, crosslinked, change their size, increase or decrease the solubility. All these 

macro-scale change on properties is essential to determine or influence the fate of a 

release system when these stimuli-responsive materials are utilized inside. Moreover, 

with tunable properties and delicate design, these systems has been improved to achieve 

not only controlled release but targeting and imaging abilities as well. 

When stimuli are applied directly or indirectly on human body, they need to be 
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biocompatible and safe to use. Triggers can be internal within biophysical environments, 

such as pH value, redox and enzymes. And they can also be external such as light 

radiation, heating and oscillating magnetic field.1 In this introductive chapter, the major 

strategies are reviewed in designing controlled release systems that have been reported to 

be responsive to various stimuli. 

1.1. Photo-response 

Researches on photo-response include both organic and inorganic materials. The 

typical photosensitive organic compounds contain photoreactive or photochromic 

moieties as functional structural parts. Upon irradiation, light signals will be captured by 

those photochromic moieties, converted to chemical signals through photoreactions, and 

transferred to functional parts to induce molecular change. Depending much on the 

photochromic structures, these photoreactions, which are key parts in the whole process, 

can be generally divided into three categories: isomerization, dimerization and 

cleavage.2,3 Based on the intrinsic chemical reaction, the photoreactions can be either 

reversible or irreversible, and can occur under different irradiation wavelengths from 

ultraviolet (UV) to visible light, even infrared (IR) region. Table 1 summarizes some 

frequently used moieties and their photoreactions. In addition to the organic 

photoreactions, some inorganic materials such as gold nanorods can also be responsive to 

light irradiations through certain electron-photon collisions processes.4 In some rare-

earth-doped nanoparticles, two-photon or even multiple-photon absorption provides more 

possibilities for photo-responsive materials. 
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Table 1. Typical chromophores and their photoreaction examples. 

Chromophore Photoreaction examples 
Irradiation 

wavelengths 

Isomerization   

Spiro-
compounds 

(SP) 
 

Open/Close 

365nm/>510nm5 

400~440nm/dark6 

330nm /---7 

Azo-
compounds 

(AZO) 
 

Trans to cis 

365nm8-10 

Cis to Trans 

450nm10 

Dithienylethene 
derivatives 

(DTE) 

 

Close/Open 

365nm/>450nm11 

Dimerization   

Cinnamic 
derivatives 

(CIN) 
 

Dimer/Cleave 

>280nm 
/254nm12,13 

Coumaryl 
derivatives 

(COU) 

 

Dimer/Cleave 

350nm/254nm14 

>280nm/254nm15 

355nm/254nm16 

Anthracene 
derivatives 

(AN) 
 

Dimer/Cleave 

>350nm 
/<300nm17 

>300nm 
/<300nm18,19 

Cleavage   

Nitrobenzyl-
compounds 

(NB) 

 

365nm20,21 

>295nm22 

350nm23 
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In most applications, the wavelength of the irradiations is responsible for the 

triggering process owning to its ease of control and adjustment. Basically UV and NIR 

(near infra-red) lights are two important stimuli in material fabrications and applications, 

with NIR having the best potential to be safely used on patients. In this section, some 

photosensitive species and their behavior according to the corresponding irradiation 

wavelength (UV or NIR) will be briefly reviewed. 

1.1.1. UV-responsive materials 

Many photosensitive species, especially traditional organic chromophores, are 

responsive to UV light. The relatively higher photon energy of UV light can be easily 

captured by conjugation structures in molecules, leading to consequential photoreactions 

and functional change. 

1.1.1.1. Isomerization 

Azobenzene derivatives or azo-compounds (AZO) are classical molecules that are 

sensitive to UV, and their typical trans-cis isomerization reaction has been developed to 

control molecular conformation. Normally AZO tends to be in a trans state around the 

N=N double bond due to the repulsion between two bulky groups and electron on N 

atoms. But UV irradiation can change this conformation, calling for the trans-cis 

isomerization of AZO. The cis structure has different molecular length, shape and 

polarity from the normal trans state, and may have different interactions with other 

cavities or compounds. However, this isomerization is also reversible, and this reversion 

is spontaneous even without much interference, as simple dark treatment is enough to 

reverse the isomerization. Thus trans and cis isomers of the AZO always undergo 
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dynamic balance.24 Owning to the reversible photoreaction and two definitely different 

isomer structures, many researchers used AZO to fabricate controllable materials and 

devices. 

The Marcel Mayor and Paolo Samori groups used terminally thiol functionalized 

azo-biphenyl to modulate the solvation and precipitation of gold nanoparticles 

(AuNPs).10 Coating by chains of trans AZO in organic media, the AuNPs were easily 

aggregated and precipitated, due to the interlocked trans AZO exposed on adjacent 

particles. Upon exposure to 366nm UV light, AZO isomerized to cis state, and this 

resulted into more ordered chain-coating which can better separate AuNPs. Also the 

reverse phase transition could be obtained by exposure of solution to 450nm light. 

The different molecular shapes of two isomers are also always applied in self-

assembly systems. Typically, numerous systems incorporate AZO together with α-

cyclodextrin (α-CD). The molecular basis is that trans AZO with straight shape can enter 

the cavity of α-CD, while cis one can not due to its bent shape. 

At the same time, α-CD are widely used in classic hydrogel assembly, such as the 

complex formation of linear hydrophobic polymer with hydrophilic polyethylene glycol 

(PEG) in the presence of α-CD. While PEG acts as the axis and α-CD as a threaded ring, 

this design allows the generation of polymeric hydrogel.25,26 Based on this self-assembly 

model, Ming Jiang and co-workers prepared a photosensitive hydrogel by simply 

applying competition of three host–guest interactions (Figure 1).8 The hydrogel could be 

easily transferred to a solution by adding trans state AZO as competitive guests, replacing 

PEG units to form complex with α-CD. After UV (365nm) irradiation to change the 
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conformation of AZO to cis form, the AZO with bent shape could not enter the cavity of 

α-CD, while the PEG chains could still occupy the cavity, regenerating the hydrogel. The 

reverse transfer happened upon visible light irradiation (435nm), making this system 

more photo-controllable. 

 

Figure 1. Schematic preparation of the photo-responsive pseudopolyrotaxane hydrogels 

with AZO.8 

Spiropyran derivatives (SP) are another type of chromophores that undergo photo-

responsive isomerization. Through the isomerization, colorless SP opens the spiro-

structure to pink-colored  merocyanine (MC), and the molecular polarity dramatically 

increases from neutral SP to charged MC. The property of color change is widely used in 

labeling and imaging, while the polarity change is utilized in various drug release systems 

since it can impact or even reverse the hydrophilicity of carriers. In a recent work of the 

Byeong-Su Kim group, they synthesized amphiphilic copolymers which contained 

hydrophilic hyperbranched polyglycerols and hydrophobic SP, and used them to 

assemble micelles as smart drug delivery systems (Figure 2).27 Here the hydrophobic SP 
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was the core of micelles, while it turned to be hydrophilic MC after photoreaction, 

breaking the amphiphilicity of copolymers and leading the disassembly of micelles. In 

this way the hydrophobic cargos could be released from the core. Moreover, since the 

photoreaction of SP was reversible, they observed that the micelles could be assembled 

again when visible light was used to trigger the isomerization from MC to SP. 

 

Figure 2. Schematic illustration of cargo release and re-encapsulation upon irradiation 

of micelles containing SP.27 

1.1.1.2. Dimerization 

Coumaryl derivatives (COU) are also used as UV-sensitive blocks with their typical 

dimerization. The conjugated C=C double bonds in molecules can effectively absorb the 

energy of UV light. During photoreaction, the C=C double bonds are consumed through 

[2+2] cycloaddition with each other to generate cyclobutane structures. In this way new 
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chemical bonds or crosslinks are created, and therefore they can be utilized in self-

healing materials to repair damaged polymers. 

An example is from the Minzhi Rong and Mingqiu Zhang groups, who used the 

dimerization of coumarin to repair the mechanical damage of polymeric films.14 In their 

work, COU was incorporated into the polymer structure as pendent functional moieties. 

Since photoreactions happened between cross-sections of mechanical creak on films, the 

cut could be healed upon UV irradiation (350nm). Also through three cut-repair cycles, 

they found that the reversibility of these photoreactions provides materials with multiple-

healing ability. Another example is from the Yue Zhao group who utilized COU in the 

internal core of polymeric micelles (Figure 3).28 Upon photoreaction, the cavity of 

micelles is reduced due to the generated crosslinks among polymer chains, and in this 

way the encapsulated agent could be released. 

 

Figure 3. (a) Chemical structure of the copolymer and the photo-dimerization and photo-
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cleavage of coumarin side groups. (b) Schematic illustration of the reversible cross-

linking of micelles.28 

Cinnamic derivatives (CIN) have analogous structure to coumarin, where the C=C 

double bonds are also conjugated with benzene and carbonyl. The only tiny difference is 

that CIN does not have ortho-hydroxy group on benzene to form an intra-molecular ester, 

but it does no impact the key structure of photoreaction. With almost similar properties, 

the [2+2] dimerizations of CIN can also be applied to generate additional bonds. 

Mitsuru Akashi and co-workers found the CIN-based polymeric nanoparticles could 

change their size upon proper irradiation.12,29 In this work, CIN was polymerized to form 

the backbone of the polymer. UV-triggered dimerization happened between C=C double 

bonds in different chains, increasing the cross-linking degree of the whole polymer and 

shrinking the size of nanoparticles. This size-change behavior was depended on the 

change of cross-linking degree of material that was fabricated by only CIN, and ideally 

photoreactions might happen everywhere across the backbone. This research group also 

extended their work to stealth nanoparticles.13 After grafting PEG outside the 

photosensitive nanoparticles, they can decrease the size upon irradiation to increase PEG 

density on the surface. The dense PEG brush coating is meaningful for the sustained and 

targeted drug delivery systems, since it can help nanoparticles or liposomes escape from 

the rapid clearance of reticuloendothelial system (RES), elongating their circulation in 

human body.30-32 

The dimerization of anthracence (AN) was also used to create crosslinks among 

molecules. Together with the dimerization of COU and CIN, these chromophores can be 
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applied by generating crosslinks among polymer networks to assemble hydrogels. The 

work19 in the Heather Sheardown group provided an example where they grafted AN as 

pendent groups on the chains of polysaccharide hyaluronan (Figure 4). Through 

photoreaction, the AN were crosslinked and three-dimentional networks of polymers 

were built up as hydrogel structure. When the reversible cleavage were triggerd under 

another wavelength, the hydrogel was disassembled and the pre-loaded agents could be 

released from the polymeric networks. 

 

Figure 4. Schematic illustration of hydrogel network assembly/disassembly through 

dimerization/cleavage of AN.19 

1.1.1.3. Cleavage 

Nitrobenzyl compounds (NB) are used in photosensitive materials with their useful 

cleavage photoreactions. Typically used NB, such as o-nitrobenzyl ester, ether or 

thioether, can be cleaved at their functional sites (ester, ether or thioether) after 

irradiation. These photoreactions can be treated as a breakdown of molecules, thus it can 

be widely used in photo-degradation of materials or release systems. Adah Almutairi and 

co-workers ever used NB as pendent moieties to form photosensitive copolymers for 
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light-triggered drug release (Figure 5).23 Upon UV irradiation, the cleavage of NB 

moieties could consequentially trigger the breakage of polymer backbone. And this 

ability finally caused the degradation of polymeric nanoparticles, releasing the 

encapsulated agents or molecules. 

 

Figure 5. (A) Photo-responsive NB-pendent polymer; (B) Degradation of polymer upon 

irradiation; (C) Schematic illustration of light-triggered release of payload after 

degradation of polymers.23 

The cleavage of NB moieties normally is an irreversible process. However, since 

new functional groups (carboxylic acid, hydroxy, etc.) are generated during this 

photoreaction, it can change or even reverse some physical or chemical characteristics of 

hv

A B

C



31 

 

the materials. An example is the work from Samuel W. Thomas, III and co-workers.22 

They used ring-opening metathesis polymerizations to fabricate copolymers with pendent 

NB moieties, and applied the photo-cleavage of NB to reverse the hydrophobicity of 

corresponding polymer films. Upon UV irradiation, the advancing contact angle of water 

on polymer film decreased from 74±2° to 64±2°. They claimed that this increase of 

hydrophilicity was consistent with the conversion of hydrophobic NB to more 

hydrophilic carboxylic acids after photoreaction. 

1.1.2. NIR-responsive materials 

NIR is attracting more and more research interests as an emerging safe stimulus for 

biomedical applications. With much longer wavelength, the photon energy of NIR is 

much lower than that of UV, and thus it cannot directly trigger most UV-responsive 

reactions which require higher initiating energy. Addressing this challenge may be 

achieved through two possible ways described in the following two sections. 

1.1.2.1. multiphoton absorption of NIR for photoreactions 

The first strategy is based on the two-photon or multiphoton absorption. Although 

single photon energy of NIR is not high enough, but two or more photons can add up to 

the required energy level (in UV or visable light range) if they are absorbed together.33 

This is reasonable when considering the energy level of photon has reciprocal 

relationship with the wavelength of light (see equation below). Therefore if NIR has a 

two times of wavelength (λ) of required UV, its photon energy (E) is half of required 

amount, and two photons can reach the same needed energy level for reaction. Based on 

this principle, in multiphoton or two-photon absorptions, molecules exposed to high 
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intensity light can undergo near-simultaneous absorption of two or more photons, 

combining energy of several photons to access a stable excited state of photoreaction.34 

𝐸 = ℎ ∙ 𝑣 = ℎ ∙
𝑐

𝜆
 

(E = photon energy; h = Planck constant; v = freqency of wave; c = light speed; λ = 

wavelength) 

A typical photoreaction is the NIR-triggered cleavage of NB molecules that are 

originally UV-responsive compounds. Here two-photon absorption of NIR occurs to 

ensure the initiating energy for photoreaction. In the same work of the Adah Almutairi 

group, 750nm irradiation for 5 hours was also applied to reveal a similar degree of 

degradation of photosensitive polymers as that after 5 min of UV irradiation.23 Another 

example is the work of Andrea M. Kasko and co-workers, using NIR to trigger the 

degradation of NB-containing hydrogel, generating features over multiple length scales.20 

This photodegradable material provides high potential for optical data storage and other 

biotechnologies. 

Another UV/NIR-responsive reaction is the dimerization of dithienylethene 

derivatives (DTE). In the work of Kingo Uchida, Masahiro Irie and Hiroshi Miyasaka 

groups, they changed NIR light intensity to ensure two or three photon absorption for this 

photoreaction (Figure 6).33 On the one hand, the energy from two-photon absorption of 

1.28µm NIR was corresponding to visible light level, triggering ring-opening of DTE. 

This was presented as a decolorization on DTE-containing amorphous films. On the other 

hand, three-photon absorption of NIR could provide higher energy corresponding to UV 
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level and thus induce ring-closing of DTE. This technique could control the colorization 

on films containing this compound. Using this method, they provided a convenient way 

to regulate photoreactions with a single light source. 

 

Figure 6. Multiphoton absorption of NIR triggers the photoreaction of a DTE 

derivative.33 

1.1.2.2. Up-conversion of NIR for photoreactions 

The second method of using NIR to trigger photoreactions is the utilization of the 

rare-earth-doped up-converting nanoparticles (UCNPs). As an energy convertor, namely, 

these nanoparticles can absorb NIR light, and convert the energy to emit higher energy 

photons corresponding to visible or even UV light.35-37 This process is different from the 

traditional “down-converting” fluorescence process. In the fluorescence process sensors 

or chromophores absorb higher energy photons to give longer wavelength emission, 

while this so-called “up-converting” process is totally opposite. Although the mechanism 

of up-converting is not fully clear yet, researchers basically believe three possible 

processes can cause this interesting behavior based on excited state absorption, energy 

transfer upconversion or photon avalanche.36  

Combining utilization of UCNPs with classic UV-responsive materials endues these 
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materials with NIR-response. Neil R. Branda and co-workers used both pendent-NB 

polymers and UCNPs to fabricate composite micelles sensitive to NIR (Figure 7).21 

UCNPs could absorb the NIR excitation to generate UV or visible light, and the latter is 

the trigger of the photo-cleavage of NB moieties. Then the dissociation of micelles would 

cause the release of encapsulated molecules. This work provided another method of 

cooperation of UCNPs to trigger the cleavage of NB compounds, beside multiphoton 

absorption under high intensity irradiation.33 The Neil R. Branda group also has an 

analogous work in which they used another photoreaction, the isomerization of DTE 

compounds, to observe decolorization/colorization of corresponding polymeric film.11 

 

Figure 7. (A) NIR triggers the photoreaction of NB-pendent polymer in the presence of 

UCNPs of NaYF4:Tm/Yb. (B) Schematic illustration of using NIR to trigger the 

dissociation of micelles containing NB.21 

Furthermore, in a system containing UCNPs, the multiphoton absorption can still be 

applied to generate different wavelengths by adjusting irradiation.33 In other words, 

A

B
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changing the intensity of NIR excitation is an effective method to generate different 

emission wavelengths when the composition of UCNPs is fixed. Neil R. Branda and co-

workers provided an example to this application.38 In their work, the intensity of NIR 

laser for UCNPs was controlled to generate different emissions in UV or visible region, 

and then two kinds of emissions triggered DTE derivatives to ring-close and ring-open, 

respectively. Using this method they provided a convenient way to control reversible 

photoreactions with a single NIR light source in the presence of UCNPs. 

1.1.2.3. NIR imaging materials 

Various materials, especially some inorganic nanoparticles, presented illuminating or 

emission property under NIR light instead of organic photoreaction. These smart 

materials are studied as potential imaging or probing agents triggered by NIR. Meanwhile 

the NIR stimuli have another advantage over UV light in the application of imaging, 

since NIR can penetrate human tissue well and deeper with longer wavelength. Therefore 

the application of NIR imaging materials is more practical. 

As introduced before, UCNPs possess the emission ability under NIR, and they can 

provide variable visible light for imaging and probing. Meanwhile, the emission colors 

are tunable according to the composition of nanoparticles, and it is proven by numerous 

work such as that of Feng Wang and Xiaogang Liu.39 Through control of different 

combinations of lanthanide dopants (Yb3+, Tm3+ or Er3+) and dopant concentrations, the 

emission can be deliberately tuned from visible to NIR light under single-wavelength 

excitation (Figure 8). Therefore, the abundant colorful emissions of UCNPs provide 

many possibilities in NIR imaging and probing applications. 
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Figure 8. Room temperature upconversion emission spectra of (A) NaYF4: Yb/Er (18/2 

mol%), (B) NaYF4:Yb/Tm (20/0.2 mol%), (C) NaYF4:Yb/Er (25-60/2 mol%), and (D) 

NaYF4:Yb/Tm/Er (20/0.2/0.2-1.5 mol%) particles in ethanol solutions (10 mM). 

Compiled luminescent photos showing corresponding colloidal solutions of (E) 

NaYF4:Yb/Tm (20/0.2 mol%), (F-J) NaYF4:Yb/Tm/Er (20/0.2/0.2-1.5 mol%), and (K-N) 

NaYF4:Yb/Er (18-60/2 mol%).39 

Some other carbon materials, such as single-walled carbon nanotubes (SWCNTs), 

also have strong absorption in NIR region, and give fluorescence upon irradiation. 

Therefore these materials also have great application potential in bioimaging and other 

biotechnologies.40 Hongjie Dai and co-workers conjugated antibodies on SWCNTs and 
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used these conjugates as tags for cell probing and imaging (Figure 9).41 When antibody 

such as Rituxan was conjugated within, the complex could selectively recognize CD20 

cell surface receptors on B-cells with little nonspecific binding to negative T-cells. Or 

when Herceptin was conjugated within, the complex was designed to selectively 

recognize HER2/neu positive breast cancer cells. Based on these antibody-receptor 

immune responses, the SWCNTs in the conjugates could image and probe targeted or 

selected cells by NIR fluorescence. 

 

Figure 9. (A) Photoluminescence spectrum of antibody-modified SWCNT under 785nm 

excitation; (B) Schematic of NIR luminescence detection of SWCNT-Rituxan conjugates 

selectively bound to CD20 cell surface receptors on B-cell lymphoma; (C) The 

conjugates are not recognized by T-cell lymphoma.41 

1.2. Magnetic-response 

A number of magnetic materials, such as Mn, Fe, Co, Ni, Zn and their oxides and 

mixed ferrites, have been widely investigated and applied in industrial, clinical and 

medical fields. Magnetic nanoparticles (MNPs) based on these materials are continuing to 

attract attention due to their low toxicity and excellent biocompatibility. Compared with 

organic nanoparticles, these inorganic MNPs have more diverse and distinct physical 

A B C
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properties due to their size and composition.42 

The biomedical applications43,44 of MNPs can be divided into two major parts. (I) 

Diagnostic applications, including separation (cells and biomolecules isolation), imaging 

(magnetic labeling and bioimaging) and detection (bio-sensing and tracking). MNPs as 

magnetic sensors provide the regular magnetic properties such as magnetic attraction and 

magnetic resonance. (II) Therapy-related applications, including controlled drug delivery 

and cancer hyperthermia therapies. MNPs serve as a heat source where an oscillating 

magnetic field is applied to trigger the system.45 However, there is no absolute gap 

between these two potential applications, since in many systems MNPs is multi-

functionally used to provide magnetic attraction, magnetic resonance as well as 

hyperthermia. These systems are operational due to the combination of MNPs with other 

major components, such as the tunable coating by controlled functionalization.46 

1.2.1. Diagnosis-related applications 

Personalized medicines mean crafting effective medical treatment for an individual 

patient based on his or her specific disease variables, minimizing any possible side 

effects.47 To achieve this goal, advanced and effective diagnosis is indispensable. This 

requires specific and efficient detection, imaging and separation of certain molecules or 

cells. The intrinsic properties of MNPs provide precious input in this area. 

A well-known application is the utilization of MNPs, such as superparamagnetic iron 

oxide (SPIO), as contrast agents for magnetic resonance imaging (MRI), in which healthy 

and pathological tissues are distinguished and various biological events or molecules can 

be visualized.44 In this process, targeted cells or molecules need to be labeled with or 
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bond to MRI contrast agents in order to induce different signal intensities.48 To increase 

the contrast of MR images or targeting ability of these contrast agents, functionalization 

or coating with other metal materials, polymers or biomolecules have been performed on 

MNPs. One example is the work of the Myung-Haing Cho and Taeghwan Hyeon groups, 

in which magnetic gold nanoshells (Mag-GNS) enclosing Fe3O4 nanoparticles were 

linked to antibodies to increase cell-targeting selectivity.49 Fe3O4 were linked to silica 

nanospheres, and gold nanoparticles were grown on the surface to form nanoshells 

embedding MNPs. For targeted MRI, an antibody, anti-HER2/neu (AbHER2/neu), was 

conjugated onto the surface of the Mag-GNS using a PEG linker, to target the HER2/neu 

receptors of the breast cancer cells. The T2 relaxation times of various cells had 

significant difference after treated with their nanoparticles, showing the ability of Mag-

GNS as a targeted MRI contrast agent. 

Beside the magnetic resonance ability of MNPs, they can still be used in other 

bioimaging fields with some labeling agents such as fluorescent dyes or quantum dots 

(QD). In these systems MNPs normally provide controlled targeting functions with their 

attraction ability to environmental magnetic fields. Lifang Wang and co-workers 

encapsulated Nile red into MNP clusters to introduce dual fluorescence and MRI, and 

tagged these clusters with folic acid for better cell targeting and uptake.50 Jackie Y. Ying 

and co-workers grew QD on the MNP cores to fabricate Fe2O3-CdSe nanocomposite.51 It 

exhibited an efficient quantum yield over a broad range of colors without the need of ZnS 

capping, and it could be used to label different cell membranes. Magnetic fields were 

used to harvest the nanocomposite and control its movements. Also with QD, the 
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Christine Menager’s group encapsulated these two particles together to perform imaging 

both in vitro and in vivo.52 

Detection and separation of biological entities are also achievable with MNPs. A 

basic idea is magnetic-guided immunoassay, in which antigen-antibody interactions are 

used for targeting and labeling, while magnetic field is provided to control the movement 

of these complexes (Figure 10). Based on this idea, human or tumor cells,47,53-55 

bacteria,56-58 peptides and proteins,57,59-61 DNA sequences62 and other pathogens can be 

ideally detected and separated in complicated samples such as blood and urine. 

 

Figure 10. Schematic illustration of the capture of bacteria by vancomycin-conjugated 

(Van) MNPs via a plausible multivalent interaction (A) and the corresponding control 

experiment (B).56 

1.2.2. Therapy-related applications 

Hyperthermia simply means an elevated body temperature. In certain cancer 
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treatments, this characteristic is used to burn away cancer cells, with the fact that cancer 

cells are more sensitive to temperatures in excess of 41°C than their normal 

counterparts.44 Hyperthermia is also categorized into local, regional and whole body 

hyperthermia depending on the location of disease, and the challenge of hyperthermia 

therapy is to heat only the tumor cells without damaging the healthy tissues.45 The 

growing interests in local hyperthermia call for the development of MNP involved 

systems. MNPs’ ability to generate heat under an external alternating magnetic field 

provides local hyperthermia function to cancer therapies. The generated heat can be 

consequently used by other components in drug delivery systems combing hyperthermia 

and chemotherapy. 

Based on different coatings and functionalization, several MNP-loaded systems were 

developed. While the MNPs provide the hyperthermia abilities under magnetic fields, the 

additional materials may be responsive to other stimuli for controlled release of agents, 

and in this way the whole system can be multiple stimuli-responsive for both magnetic 

therapy and chemical therapy. S. C. Chauhan and co-workers obtained MNPs with β-

cyclodextrin (β-CD) and pluronic F127 coatings to load therapeutic curcumin;63 T. S. 

Anirudhan and S. Sandeep embedded MNPs into nanocomposites for targeted delivery 

and pH-triggered release of doxorubicin (DOX) to cancer cells;64 while G Kordas and co-

workers decorated MNP on pH- and redox-degradable materials to obtain drug carriers 

with multiple stimuli-responsibilities (Figure 11).65 In these reports, MNPs were used for 

either targeting, or hyperthermia therapy, or both. 
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Figure 11. Schematic illustration of the synthesis procedure for the preparation of 

magnetic microcontainers. Chemical structures of crosslinkers are also illustrated.65 

1.3. Thermo-response 

For various controlled release systems, their thermo-responsibilities are achieved 

through incorporating thermo-responsive polymers in the means of micelles, hydrogels, 

liposomes, or dendrimers.66 The thermo-responsive polymers normally have a critical 

working temperature, above which the polymers present significantly different properties 

from below this temperature. If soluble polymers become insoluble upon heating to 

specific temperature, this temperature is called lower critical solution temperature (LCST) 

of thermo-responsive polymers; on the contrary, if insoluble polymers become soluble 

upon heating to specific temperature, this temperature is called upper critical solution 

temperature (UCST) of polymers.67 LCST and UCST are not restricted to an aqueous 



43 

 

solvent environment, but only the aqueous systems are of interest for biomedical 

applications. These changes in polymer solubility resulted from the competing intra- and 

inter-molecular H-bondings of the polymer molecules under different temperatures. That 

is, if inter-molecular H-bonding is favoured under specific temperature, the polymers 

tend to be soluble due to the solubilisation by solvent; otherwise they tend to be insoluble 

when intra-molecular H-bonding is favoured. When linear thermo-responsive polymers 

are further crosslinked in networks, such as hydrogel, their intrinsic properties can endew 

the network system with volume phase transition (VPT) ability under specific 

temperature. 

Typical LCST polymers are based on N-isopropylacrylamide (NIPAm), N,N-

diethylacrylamide (DEAM), methylvinylether (MVE), and N-vinylcaprolactam (NVCl) 

as monomers, while typical UCST system is based on a combination of acrylamide 

(AAm) and acrylic acid (AAc).67 In many biomedical applications poly(N-

isopropylacrylamide) (PNIPAm) and its derivatives are always utilized (Figure 12). They 

can be single linear, or branched by grafting with other polymers, or networked by 

polymerizing with crosslinkers. Different forms of polymers may exist, but the thermo-

response is dependant on hydrophilicity environment of amides in PNIPAm. 

 

Figure 12. Typical molecular structure of linear PNIPAm. 
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In controlled release systems, thermo-responsive polymers are added to endew the 

system with response to heat, and this is considered as “direct thermo-response” since 

heat is the actural and direct stimulus. Meanwhile, recently researchers also add 

additional “energy convertors” in controlled release systems, though which other energy 

(i.e., light, magnetic) is converted to heat to trigger the thermo-responsive polymers. In 

this way the system can be responsive to multiple stimuli, and it is considered as “indirect 

thermo-response”. 

1.3.1. Direct thermo-response 

The thermo-responsive polymers PNIPAm can be added in controlled release 

systems either in pristine format or by grafting on other carries. In either case, the heat-

induced dissolvation of polymer chains volume shrinkage of hydrogels are always 

envolved to release payloads. 

One example of utilizing prisitne PNIPAm is the work from the Yuqiang Ma group 

where PNIPAm microgel particles were prepared to load and release calcein upon 

heating.68 It was observed that no calcein was released at room temperature, and that the 

release process was significantly promoted at body temperature (37 °C). They claimed 

that the release at higher temperature was attributed to the volume shrinkage of PNIPAm 

microgel after heating. 

With functionalization or grafting, PNIPAm can be applied more widely with other 

carriers or systems. One classic strategy is grafting PNIPAm on mesoporous silica 

nanoparticles (MSNs) as the gatekeepers to control the opening/closing of pores (Figure 

13). The David Oupicky group ever provided one example work.69 It was observed that 
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the release of dyes from MSNs was greatly inhibited after heating over LCST of grafted 

PNIPAm. They claimed this attributed to the pore-closing on MSNs by insoluble 

PNIPAm after heating. Except for grafting on nanoparticles, another functionalization 

stratege is incorporating PNIPAm in copolymers with other polymer moieties (i.e., 

hydrophilic PEG), and using the copolymers to establish agent carriers. Using this idea, 

various release systems have been reported such as polymeric micelles,70,71 

liposomes,72,73 hydrogels,74-76 and core/shell microparticles77 or nanoparticles.78 

 

Figure 13. Schematic illustration of PNIPAm grafted on MSNs for thermos-responsive 

release of payloads.69 

Substances with sheet-like structures can also be coated or grafted with PNIPAm to 

be thermo-responsive. For example, porous silicon films79, polymeric films,80 and 

graphene sheets81 have been reported using this strategy for controlled release. Whatever 

substances are utilized as carrier, PNIPAm or its hydrogel can work well as thermo-

responsive coating or cover of cavities. The opening/closing behavior may be achieved 
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after either heating or cooling treatment in delicated designed systems. 

1.3.2. Indirect thermo-response 

Although thermo-responsive polymers can be utilized alone in traditional release 

systems, recently researchers combined them with other stimuli-responsive materials to 

achieve smart systems that can be triggered by different stimuli. The additional stimuli-

responsive materials are always energy convertors to harvest another stimulus such as 

light or magnetic field, and they can convert the energy to heat for initiating thermo-

responsive polymers. Currently, some widely studied strategies are photo-thermal 

response where light energy convertors are used, or magnetical-thermal one which 

includes magnetic energy convertors. 

In photo-thermal strategies, gold nanoparticles are classical photosensitive inorganic 

materials and effective light energy convertor to generate heat. During the last several 

decades numerous morphologies have been synthesized and studied such as spheres, rods, 

tubes, shells and disks.82 For gold nanoparticles themselves, they exhibit well-established 

surface chemistry, enabling facile functionalization with different ligands.83 Younan Xia 

and co-workers ever synthesized gold nanocages covered by PNIPAm for NIR-triggered 

drug release (Figure 14).84 Upon irradiation the gold nanocages absorbed the light energy 

and converted it to heat, increasing the topical environment temperature. This would 

collapse the polymer chains of PNIPAm, exposing the pores on nanocages and thereby 

releasing encapsulated cargos. 
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Figure 14. Schematic illustration of PNIPAm grafted on gold nanocages for photo-

responsive release of cargos. On exposure to NIR, the light is absorbed by the nanocage 

and converted into heat, triggering the smart polymer to collapse and thus release the 

preloaded cargos.84 

In magnetical-thermal strategies, controlled release systems are developed with 

PNIPAm and MNPs. The incorporation of thermosensitive materials makes the best use 

of hyperthermia behavior of MNPs under a alternating magnetic field. That is, magnetic 

fields induce MNPs to generate heat, and then heat cause the collapse of polymers, 

exposing or releasing payload therapeutic molecules. Thus drug delivery can be achieved 

by either heat or magnetic stimulus. It should be noticed that MNPs sometimes envolve 

with multiple behaviors in one system, since the functionalized MNPs themselves can 

also work as potential MR contrast agents for imaging. Furthermore, with proper polymer 

coating such as carboxymethyl chitosan or polyvinyl alcohol (PVA), the cytotoxicity of 

these MNP-loaded systems could also be suppressed.64,85,86 In particle systems PNIPAm 

normally work as coating on the surface to control the release of encapsulated agents 

(Figure 15),87-89 while in composite membrane systems these polymers can work as 

gatekeeper or stuffing to control the diffusion of drugs. In the latter cases, MNPs also 
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cooperate well with downstream thermosensitive entities. One example is the magnetic 

membrane fabricated by the Robert Langer group.90,91 Using a magnetic stimulus, MNPs 

generated heat to collapse the PNIPAm network, causing the shrinkage of hydrogel and 

opening the channels for drug diffusion. 

 

Figure 15. Schematic illustration of PNIPAm grafted on MSNs containing MNPs for 

magnetic-responsive release of cargos. On exposure to magnetic fields, the energy is 

absorbed by the MNPs and converted into heat, triggering the smart polymer to collapse 

and thus release the preloaded agents.89 

1.4. pH-response 

The response to pH value has been attracting researchers’ attention for decades. As 

an enternal stimulus, the pH value is not constant in physiological conditions. For 

example, it varies in different sites of gastrointestinal tract, changes in blood after sports, 

or turns to be more acidic in most pathological tissues. Such differences are the basis of 

designing pH-responsive materials and drug delivery systems applied in different tissues, 

organs or disease conditions.92 
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Specifically in cancer-related diagonosis or therapies, the pH difference is reflected 

on two levels. The first level is in tissues or organs, where the average pH value is 

reported lower in tumor tissues versus normal ones.93 The proliferation rates of tumor 

tissue cells are too fast, leading to the deficiency of both oxygen and nutrition for cells, 

and producing more lactic acid during the hydrolysis of ATP. The general result is a 

weak acidic environment in tumor tissues. The second level of pH difference is in cells, 

where the endosomes have a lower pH than cytoplasm.94 After uptaking therapeutic 

molecules or drug-loaded particles, cells always tend to estiminate these external 

substances in endosomes or lysosomes. Therefore in these organelles the pH are always 

acidic to allow the normal functions of degradative enzymes. 

Based on the most common materials utilized to take advantage of the endogenous 

pH difference, the strategy of pH-response can be applied by several categories: 

mesoporous silica nanoparticles, carbon based nanomaterials, micelles and liposomes. 

1.4.1. Based on mesoporous silica nanoparticles 

Mesoporous silica nanoparticles (MSNs), such as MCM-41, are solid silica 

nanoparticles with channels or mesopores (2~50nm), and their pore size can be tunable 

based on fabrication fashion. The synthesis of MSNs is based on a surfactant-templated 

pathway, which was first described in 1992.95 With well defined pore size, these 

nanoparticles always have high specific surface area (>900 m2/g) and large volume (>0.9 

cm3/g). Meanwhile, as stable materials in regular environments, they can be easily 

modified during synthesis without losing biocompatibility. These features endue MSNs 

with great potentials in controlled release applications. 
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In a pH-responsive system, MSNs always act as carrier or container of agents, while 

another substance is need to close or block their mesopores to achieve pH-response. 

Those substances provide gate keeping for the whole system, and this concept was first 

described by Victor Lin.96 Currently, the gate keepers can be supramolecular assemblies, 

polymers, or another nanoparticles, and related literature is numerous. In the following 

paragraphs some classic examples will be clarified. 

The first category is combination of MSNs with supramolecular assemblies (Figure 

16), which has been widely studied in different MSN based drug delivery system. Jeffrey 

I. Zink, who contributed a lot to capped MSN drug delivery systems,97-100 and his co-

workers reported that the mutual recognition between secondary dialkylammonium ions 

and dibenzo-24-crown-8 was applied in MCM-41 MSNs. When move to base 

environment, nanoparticles could release the loaded coumarin dyes.101 The same group 

reported another pH-responsive MSN system based on the interaction between 

ferrocenedicarboxylic acid and cucurbituril, which is also sensitive to the base added.102 

Later in 2009, a pH clock-operated mechanized nanoparticle system was described which 

takes the advantages of the interaction between cucurbituril and tethered trisammonium 

stalks.97 This new system was reported both sensitive to acid and base, showing a 

controlled release pattern at pH values above 10 or below 5.4. 
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Figure 16. Schematic illustration of pH-responsive MSNs capped with supramolecular 

nanovalves. By increasing pH, cucurbituril rings are removed from bisammonium stalks, 

opening the pores and releasing rhodamine B cargos.98 

The second category is using polymers, especially polyelectrolytes, to cover MSNs 

(Figure 17). Such systems benefit mainly from the electrostatic interaction between 

positively and negatively charged polyelectrolytes; and when pH changes, the net charges 

of both types of polyelectrolytes vary accordingly, which leads to the weakening or 

reinforcement of the interaction. In 2005, Fengshou Xiao and co-workers modified the 

surface of MSNs with carboxylic acid, and added positively charged polymers 

poly(dimethyldiallylammonium chloride) to cap the channels through electronic 

interaction.103 When the pH value was lowered, the interaction tended to be weaker, and 

the release of cargo could occur. The Jianfeng Chen group reported that they coated the 

prepared mesoporous silica nanotubes with both polyallylamine 
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hydrochloride/polystyrene sulfonate (PAH/PSS) and sodium alginate/chitosan 

electrolytes layers.104 After tuning the pH of the system, the cargo loaded showed pH-

responsive controlled release. 

 

Figure 17. Schematic illustration of pH-responsive MSNs capped with polyelectrolytes. 

By increasing pH, carboxylic acids are neutralized, losing the electrostatic interaction 

with polycations, opening the pores and releasing cargos.103 

Additional category  of pH-response on MSNs is based on the interaction between 

nanoparticles (Figure 18). Compared with molecules, nanoparticles have bigger size and 

may better cover the mesopores on MSNs, providing efficient loading and capping. It 

was ever reported by by Pingyun Feng and co-workers that gold-capped MSNs had pH-

responsive release ability.105 An acid-labile cross linker was introduced to connect the 

surface of MSNs and gold nanoparticles; and when pH is under 5, the loaded drug was 

Polycations Vancomycin (cargos)
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released with the disconnection of two particles. 

 

Figure 18. Schematic illustration of pH-responsive MSNs capped with gold NPs. By 

increasing pH, the acid-liable linkers are cleaved, losing attachment of gold NPs and 

releasing Ru(bipy)3
2+ cargos.105 

1.4.2. Based on carbon nanomaterials 

Beside silica materials, carbon nanomaterials also have entered the vision of 

researchers due to their high specific surface area and good property in cell membrane 

penetration. Typical carbon nanomaterials such as carbon nanotubes (CNTs)106-112 and 

nanodiamonds (NDs)113-117 have been widely studied for their drug delivery applications. 

For CNTs, although major challenge for its application is its aggregation in aqueous 

solution and the poor water solubility, this problem can be solved by physically or 
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chemically functionalization and modification on the carbon surface of nanotubes. 

Together with the material improvements is the appearacne of dozens of published papers 

for the drug loading on and releasing from CNTs. As an example, the Hongjie Dai group 

reported that water-soluble SWCNTs with PEG functionalized on the surface could be 

used for pH triggered release (Figure 19).108 This system showed a surprising loading 

capacity of ~400% by weight, which was due to the π-π stacking between aromatic drugs 

and SWCNTs. They claimed that the release of drug from CNTs is pH dependent, which 

was attributed to the higher water solubility of the drug at lower pH. 

 

Figure 19. (A, B) Schematic illustration of doxorubicin loading through π-π stacking on 

CNT which are modified physically or chemically with PEG; (C) Schematic drawings 

that show more favorable π-π stacking of doxorubicin on a larger nanotube than on a 

smaller one.108 

For NDs, they were not reported to serve as pH-responsive materials until 2008, and 

then they were widely utilized in small molecular drug,116,118,119 protein115,120-122 and 

gene123-126 delivery. For example, in 2010 Jinfang Zhi discovered that NDs composites 
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show a pH-responsive release behavior for the loaded drug molecules.127 They adsorbed 

drug cis- dichlorodiammineplatinum (II) on the surface of NDs, and the drug was 

released from the system at of pH of 6. With analogous carbon-rich surface of CNTs, 

NDs can also adsorb aromatic molecules by π-π stacking. Recently, some other durgs 

such as doxorubicin was also investigated to load on NDs, and the pH-responsive release 

of the therapeutic drug to kill tumor cells was claimed (Figure 20).128 

 

Figure 20. Schematic illustration of NDs labeling with fluorescein (A), loading 

doxorubicin (B) and pH-responsively releasing doxorubicin (C).128 
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1.4.3. Based on micelles 

Micelles are widely used in drug delivery systems, especially self-assembling 

polymeric systems.67,129-132 To achieve pH-response of micelles, scientists are now 

concentrating on various strategies, such as introducing amine or carboxylic acid groups 

in to the copolymer, or incorporating pH sensitive crosslinkers (i.e., ortho esters) in the 

polymer building blocks. Using the former strategy is based on the protonation of groups 

at different pH values, while the later one is based on the pH induced degradation of 

crosslinkers. 

Jean M. Fréchet and co-workers reported that micelles, which are assemblies of 

linear-dendritic copolymers, were pH responsive with tunable size and stability (Figure 

21).133 They prepared block copolymers comprising poly(ethylene oxide) and either a 

polylysine or polyester dendron, and then encapsulated Nile red dyes in the hydrophobic 

core of the micelles. At pH 5, the dye was released to aqueous environment. In 2005, 

doxorubicin was reported to be encapsulated in the core of an acid sensitive dendritic 

micelles where acetals serve as the acid-labile linkers.134 

Zhiyuan Zhong and co-workers have also been contributing to pH-responsive 

micelles in drug delivery. In 2009, they reported pH-responsive biodegradable micelles, 

which were built up by block copolymers comprising acid-labile polycarbonate 

hydrophobe and hydrophilic polyethylene glycol. This new type of micelles showed an 

excellent sensitivity to pH.135 In 2010, they further constructed drug-encapsulated 

nanomicelles with the biodegradable copolymers. Both hydrophilic and hydrophobic 

drugs were loaded for comparing the controlled release at different pH values.136 
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Figure 21. (A) Acetal hydrolysis of amphiphilic dendritic polymer;134 (B) Schematic 

illustration of pH-responsive dissociation of dendritic micelles.133 

1.4.4. Based on liposomes 

Liposomes have been studied for drug delivery for decades, mainly due to their large 

volume, high loading rate and biocompatibility. The US Food and Drug Administration 

(FDA) ever certified several liposomes products encapsulating doxorubicin such as 

Caelyx® and Myocet®. During the past decades, pH sensitive liposomes, as a hot topic, 

have been well studied by many groups around the world. 

The Shinitzky group first combined pH sensitive molecules with lipids to form one 

of the first pH sensitive liposomal systems.137 In 1991, The Ise group introduced 
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polyacrylic acid into liposomes.138 They prepared a lipid based polyacrylic acid, and used 

the polymer togenther with phospholipids to form liposomes with a pH-responsive 

release. In 1996, the first pH sensitive cationic liposomes were constructed by the Jon 

Wolff group;139 and in 1997, their cationic liposomes were reported for targeting delivery 

of foreign genes into cells. In this system, they synthesized one new type of cationic lipid 

with an amine group. When casting liposomes, the amine group could attach DNA 

molecules, helping to form the gene delivery system. And when environment went acidic, 

changes of surface charge reduced the stability of liposomes, leading to a pH-triggered 

release. In 2000, Cullis’s group successfully prepared pH sensitive liposomes composed 

with mixture of cationic and anionic phospholipids.140 The electrostatic interaction of 

different phospholipids helped the formation of liposomes, and the systems were claimed 

to have tunable stability when varying pH values. 

1.5. Enzyme-response 

Overexpressed enzymes in specific cell compartments can afford the desired 

targetability for drug delivery. Stevens and coworkers have ever published an excellent 

review on enzyme responsive systems for controlled drug delivery.141 Depending on the 

nature of these enzymes, nanomaterials can be decorated with sensitive functional group 

to achieve the desired degree of control. Generally, these sensitive functional groups are 

designed to be the substrates of enzymatic reactions. In this way, the materials can 

undergo significant change on molecule level when they meet targeting enzymes. Thus in 

most cases a specific release system may share same components (i.e., MSNs or other 

nanoparticles) with other stimuli-responsive systems, with only difference at the 
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functional groups for enzymatic degradation. Through the following paragraphs, some 

interesting examples will be introduced that were prepared under this general theme, 

including lipase, protease, and other hydrolase responsive materials. 

Certain types of the lipase enzyme especially phospholipase A2 has been found to be 

overexpressed in the evading zone of cancer cells, presumably as a part of the defense 

mechanism of the host.142,143 Kim and coworkers loaded drugs in MSNs and then blocked 

the pores with CD rings that were connected to the nanoparticle surface via a lipase 

cleavable linker (Figure 22).144 The hydrolysis of the ester moiety in the linker by lipase 

removed the bulky CD groups that are blocking the pores, thus enabling entrapped cargo 

to be released. 

 

Figure 22. (A) The structure of surface functional motifs on enzyme-responsive MSNs; (B) 

Schematic illustration for enzyme-triggered release of cargos from pores of MSNs.144 

Proteases are one of the major targets of medicinal chemists as they activate major 

pro-drugs by cleaving a specific peptide sequence and releasing the active drug. An 

interesting design is trapping a sequence specific peptide-linked drug in a polymeric 
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carrier, and then trapping the protease in another nanoparticle. When both carriers 

encounter in the vicinity of a tumor with numerous leaky vessels, enzymatic degradation 

of the peptide-linked drug leads to a localized drug release.145 Bahatia and coworkers 

modified MSNs by a PEG-based polymeric shell containing proteases cleavable 

peptides.146 The peptides sequence was targeted towards matrix metalloproteinease. 

Other hydrolases can also be targetable by using their substrate in controlled release 

systems. Zink, Stoddart, and coworkers have used enzymatically cleavable 

pseudorotaxanes to functionalize MSNs.147 CD were used as gatekeepers threading the 

pseudorotaxanes and blocking the pores. When the enzyme-liable link was broken by 

hydrolases, CD unthreads and the cargo could be released. 

1.6. Redox-response 

Under certain endogenous conditions, a redox environment affords an interesting 

stimulus to assure the controlled delivery of medications. Robin L. McCarley have 

published a very insightful review on redox responsive delivery systems were he 

combines most of the reports in this area.148 In the following two sections are the 

examples on two types of redox activations, including release by charge change and by 

redox driven disconnection. 

1.6.1. Release by charge changes 

One of the early examples on this topic was driven by Saji and coworkers.149,150 They 

recognized the ability to change the charge state of a surfactant by an electron transition. 

This stimulus would have a significant impact on its ability to form aggregates at a given 
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concentration and temperature. Ferrocene was used as the redox moiety and was used to 

prepare micelles that responded to the redox state of the moiety, leading to the release of 

encapsulated cargo. 

Stoddart, Zink and coworkers prepared pseudorotaxanes with ferrocene moieties that 

were coupled on the surface of MSNs together with threaded cucurbiturils or CD to block 

the pores and trap the cargo (Figure 23).102 A change in the redox state of ferrocene 

caused the ring to dethread and thus releasing the cargo. This system was further found to 

have a dual effect as it reacted to pH changes as well. 

 

Figure 23. Schematic illustration of both redox- and pH-responsive MSNs. Showing the 

change in the redox state of ferrocene causes the ring to dethread and the cargo to be 

released.102 
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1.6.2. Release by redox driven disconnection 

A major drive for creating redox driven disconnection is the presence of glutathione, 

a tripeptide with a gamma peptide linkage between the amine group of cysteine and the 

carboxyl group of the glutamate side-chain, in cell environments. Minimal amounts of 

glutathione are efficient to create a reductive environment where sensitive linkage such as 

disulfide bonds will break. The first example was reported by Thayumanavan and 

coworkers where polymeric micelles were fabricated based on cleavable disulfide linked 

block copolymers.151 These micelles released all their hydrophobic cargo within three 

days of expose to minimal amounts of glutathione. 

 

Figure 24. (A) The structure of surface functional motifs on redox-responsive MSNs; (B) 

Schematic illustration of MSNs releasing cargos upon redox disconnection of threads.152 

Analogous to glutathione, dithiothreitol (DTT) was also used by many researchers as 

a reducing agent to stimulate the breakage of disulfide bonds.153 Stoddart, Zink and 
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coworkers established and fabricated a system that relies on the reductive cleavage of 

disulfide bonds integrated in pseudorotaxanes decorated MSNs (Figure 24).152 

Supermolecular gate keepers such as cyclodextrins and cucurbiturils were used to block 

the pores, and they could be released into the solution together with the cargo upon 

reduction of the disulfide bond by DTT. 

1.7. Conclusion 

In this chapter, the major reported strategies on using stimuli-responsive materials 

for controlled release of therapeutics were reviewed. Different triggers can be utilized in 

controlled release systems; they can be external such as light radiation, heating and 

oscillating magnetic field, and they can also be internal within biophysical environments, 

such as pH value, redox or enzymes. The field of stimuli responsive materials for 

controlled release applications is a blooming field that will hopefully lead scientists and 

engineers to provide better ways to administer therapeutics efficiently and with fewer 

side effects. Regardless of specific external or internal stimuli utilized, the design of 

controlled release systems is essential with the understanding of basic properties of 

stimuli-responsive materials, such as their physical property change or chemical reaction. 

Based on the abundant family of smart materials, designing and fabricating stimuli-

responsive systems shall lead to various advanced release processes on demand for 

biomedical applications. 
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Chapter 2. Photo-Responsive Composite Membranes Based on Inter-

Particle Crosslinking of Poly(Hydroxycinnamic Acid) for 

Controlling Diffusion 

2.1. Background 

Desired diffusion process through membrane systems can be controlled by 

conventional stimuli such as heat,154,155 magnetic field91,156 or pH change,157-159 and an 

emerging number of systems are applying light to directly tune the diffusion behavior of 

solutes through coatings or membranes.6,23,160-162 Light irradiation is preferentially chosen 

since it is environmentally friendly and inexpensive.2,3,163 In photosensitive systems, bond 

degradation or change in chemical structure of chromophores always accompanies the 

photoreaction. Thus, the release or diffusion of payload can be tuned under proper 

irradiation. 

Reported photo-responsive systems can have either indirect (energy transistors) or 

direct (chromophores) photo-behavior.1 In the former systems, light energy is absorbed 

and transited to other stimuli by the transistor components, activating other stimuli-

responsive behaviors. Some efficient energy transistors, such as gold nanoparticles83,84 or 

carbon nanotubes,40,41 transiting light to heat and trigger thermo-sensitivity, are 

frequently utilized to obtain indirect photothermal behavior. However, the utilization of 

these transistors raised toxic risk to biological systems by potentially accumulating 

inorganic materials. On the other hand, in the direct systems, the photosensitivity is 

achieved through photoreactions of various chromophores, such as isomerization of 
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azobenzene,8,10 dimerization of anthracene,17,18 or cleavage of o-nitrobenzylether.23,164 

Using synthetic chromophores also suffers from the drawback of low biocompatibility 

and high toxicity as most systems contain highly reactive moieties such as azo groups. 

Among the classical photosensitive moieties, cinnamoyl or coumarin derivatives 

have been widely utilized in lightcontrolled systems.14,15,165 Their photoreactions, which 

are based on the [2+2] cycloaddition between conjugated C=C double bonds under 

λ >280nm irradiation, provide potential methods to introduce new crosslinks of different 

components. The formed crosslinks can therefore be utilized to modify the morphology 

or permeability of agent delivery systems, leading to controlled release. The natural 

make-up of these derivatives, existing greatly in plants such as cinnamon and 

storax,166,167 makes them biologically superior to other synthetic chromophores. 

2.2. Design 

In this project, a polymeric membrane was designed and fabricated where the 

diffusion rate can be tuned by 365nm UV light irradiation (Figure 25A). The 

photosensitive polymer used in the membrane, poly(hydroxycinnamic acid) (PHCA), was 

synthesized by thermal polycondensation of two hydroxycinnamoyl acids.168 It was 

incorporated into ethyl cellulose (EC) membranes in the form of microspheres. In this 

way, the obtained photosensitive composite membranes could significantly decrease the 

diffusion through them upon irradiation. This design was further tested by coating a 

RhodamineB (RhB)-loaded model drug tablet (Figure 25B). Our design showed that the 

permeability of composite membranes could be turned down based on the crosslinking of 

microspheres upon UV light irradiation, which provided a light-tunable diffusion 
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decrease over a long period of time. The results suggest the photosensitive composite 

membranes are promising candidates for application in sustained release formulations. 

Unlike most controlled delivery systems where stimuli are applied to trigger release 

or “on” state,161,162,169,170 our design significantly slowed down the release. This is the 

innovation point of the current project over traditional membrane systems. For certain 

applications, such as coating or separation, an effective membrane is needed to have a 

permeability that can be turned down as desired. 

 

Figure 25. Schematic design of photo-responsive "Turn down" of diffusion through 

composite membrane based on inter-particle crosslinking (A), and model reservoir 

tablets coated with composite membrane (B). 
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2.3. Materials 

4-hydroxycinnamic acid (coumaric acid, 4-HCA), 3,4-dihydroxycinnamic acid 

(caffeic acid, DHCA), and ethyl cellulose (EC, viscosity 46cP, 48% ethoxyl labeling 

extent) were purchased from Sigma Aldrich, USA. Sodium acetate anhydrous was 

purchased from Fisher Scientific, USA. Polyvinyl alcohol (PVA, Mw = 65000 g/mol) 

was purchased from Techno Pharmchem, India. Chemicals were used as received. 

Rhodamine B (RhB) was purchased from Alfa Aesar, USA. Phosphate buffer solution 

(PBS, pH=7.4), acetic anhydride, ethanol (98%), dichloromethane (DCM) and all other 

solvents of analytical grade were purchased from Fisher Scientific, USA. 

2.4. Instruments 

Analytical balance (Mettler Toledo, model MS204S, Switzerland), magnetic stirrer 

(IKA, model RCT basic, Germany), mechanical stirrer (IKA, model T25 digital Ultra-

TVRRAX, Germany), centrifuge (Eppendorf, model 5810R, Germany), Analog vortex 

mixer (VWR, USA), vacuum oven (Thermo Scientific, model Lindberg Blue M, USA), 

rotatory evaporator (Buchi, model R-215, Switzerland), ultrasonic cleaner (Branson, 

model 3510E-DTH, USA), lyophilizer (Christ, model alpha 1-2 LD, Germany), 

micrometer adjustable film applicator (Sheen Instrument, model 1117, UK). 

Longwave UV lamp (UVP company, model B-100AP/R, USA), nuclear magnetic 

resonance device (Bruker, model 500 MHz Avance III), gel permeation chromatography 

system (Agilent, model 1200 series, USA), UV/Vis spectrophotometer (Varian, model 

Cary 5000, USA), fluorescence spectrophotometer (Varian, model Cary Eclipse, USA), 

transmission electron microscope (FEI, model Tecnai T12, USA), scanning electron 
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microscope (FEI, model Quanta 600, USA), confocal laser scanning microscope (Zeiss, 

model LSM 710, Germany), zetasizer (Malvern, model NanoZS, UK), dynamic 

mechanical analysis system (Netzsch, model DMA 242C, Germany), side-by-side 

diffusion cells (PermeGear, series #5G-00-00-10-07, 7 ml volume, Ф 10mm orifice, 

USA), reciprocating shaker water baths (Thermo Scientific, model 2871, USA). 

2.5. Experimental section 

2.5.1. Photosensitive copolymer PHCA 

2.5.1.1. Synthesis of PHCA 

 

Figure 26. Synthesis route of copolymer PHCA. 

Photosensitive copolymer PHCA was synthesized with a thermal polycondensation 

of 4-HCA and DHCA (Figure 26).168,171 Typically, the reaction took place in a three-

necked roundbottomed flask where 4-HCA (10 mmol) and DHCA (10 mmol) were mixed 

into 10 ml acetic anhydride (condensation reagent) with trace amount of sodium acetate 

(catalyst). After alternate purging with nitrogen and vacuum three times, the temperature 

was increased to 190°C under vacuum. At this temperature the reaction mixture became a 

clear solution, and this temperature was maintained for around 1h to remove almost all 

the solvent. Then the reaction was heated to 200°C and maintained for another 3h to 

obtain melted product. The resulting mixture was dissolved into 20 ml DCM and 
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precipitated in 200 ml acetone to remove the undissolved components. The supernatant 

was concentrated and precipitated with ethanol to obtain the polymer. PHCA was 

collected and dried in vacuum oven overnight. 

2.5.1.2. Structure & quantification method of PHCA 

The molecular weight of PHCA was measured by gel permeation chromatography 

(GPC) using polystyrene as standard. PHCA was precisely weighed and dissolved in 

THF at 2~3 mg/ml, and the solution was allow to stay overnight without disturbance prior 

to injection into chromatography system. 

The formation of PHCA polymer structure was verified by 1H nuclear magnetic 

resonance (1H NMR), where PHCA was dissolved into DCM-d2 (CD2Cl2) at around 5 

mg/ml for testing. 

The quantification method of PHCA in DCM was achieved by UV/Vis spectroscopy. 

PHCA was precisely weighed and dissolved in DCM using 25ml volume flasks. Sample 

solutions with a series of concentrations were prepared: 1.0, 2.0, 4.0, 6.0, 8.0, and 10 

µg/ml. These solutions were filled in quartz cells and then inserted into 

spectrophotometer to record absorbance spectrum from 250~400 nm. The maximum 

absorbance on spectrum was used to establish calibration of PHCA to different 

concentrations. All samples were repeated for three times at the same time. 

2.5.1.3. Photoreaction of PHCA 

The photoreaction of PHCA was verified by UV/Vis spectroscopy, where PHCA 

was dissolved in DCM at around 0.01 mg/ml as testing sample. This solution was filled 
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in quartz cell (sealed by Teflon cap) and inserted in the UV/Vis spectrophotometer to 

record its absorption spectrum. Then it was moved to bench and irradiated under 365nm 

UV beam from a longwave UV lamp. The distance between solution and lamp was 10 cm 

(<20 mW/cm2), and the conditions of lamp and distance were kept constant for all the 

irradiation processes in this project. At prescheduled time points over the irradiation 

period, the solution was moved again to record its absorption spectrum, and then restored 

for irradiation after each measurements. All the spectra were collected according to time 

sequence for comparison. 

The photoreaction of PHCA was also verified by 1H NMR, where PHCA was 

dissolved into DCM-d2 (CD2Cl2) at around 5 mg/ml for testing. The solution was divided 

and filled in two NMR tubes. The one was kept under dark condition, while the other was 

irradiated for 30 min using the same light treatment. Both samples were inserted into 

NMR device to record their spectra for comparison. 

The photoreaction of PHCA in solid state was also examined. PHCA powder was 

irradiated directly using the same light treatment, followed by dissolving it in DCM to 

observe the change of its solubility. The PHCA powder without light treatment was used 

as comparison. 

2.5.2. Photosensitive PHCA/PVA microspheres 

2.5.2.1. Preparation of microspheres 

PHCA was used as main component to fabricate photosensitive PHCA/PVA 

microspheres. The fabrication was based on a conventional emulsification solvent-

evaporation method.172 DCM (4 ml) solution containing PHCA (40 mg/ml) was mixed 
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with 25 ml deionized water containing 0.3% (w/v) PVA. After mechanical stirring at 

6000 rpm for 30 min, the emulsion were obtained, and it was kept under magnetic stirring 

at 1000 rpm under atmospheric condition overnight to evaporate the organic solvent. On 

the second day the suspensions were centrifuged at 14000 rpm for 3min and supernatants 

were removed to collect solid microspheres. The product were washed with the same 

volume of deionized water, and then lyophilized to obtain PHCA/PVA microspheres 

powders. 

2.5.2.2. Morphology & composition of microspheres 

The morphology of PHCA/PVA microspheres was observed through both scanning 

electron microscopy (SEM) and transition electron microscopy (TEM). The SEM 

samples were prepared by directly standing dry PHCA/PVA microspheres powders on 

holders, while the TEM samples were obtained by dipping grids in aqueous dispersion of 

microspheres (before lyophilization, dispersion was diluted if necessary). 

The composition of microspheres was obtained by measuring the PHCA contents in 

solid microspheres powders. 10 mg PHCA/PVA microspheres were precisely weighed 

and put in volume flask. By adding DCM and sonication the PHCA component was 

dissolved into solution, and its concentration was measured by UV/Vis spectroscopy 

using the calibration established in advance. The content of PHCA in solid microspheres 

could then be calculated based on the concentration and volume of solution above. 

2.5.2.3. Photoreaction of microspheres 

The photoreaction of PHCA/PVA microspheres was observed under either solid or 

dispersion condition. The microspheres of different concentrations were irradiated with 
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the same light treatment, showing the different behaviors after photoreaction. The 

consequence of photoreaction was monitored as the average particle size change of 

microspheres, which was measured by Zetasizer. 

(A) Low concentration. Microspheres aqueous dispersion (20 µg/ml) was irradiated. 

The dispersion was divided into seven same samples in advance, and one of them was 

moved from irradiation for recording the particle size at the prescheduled time points: 0, 

1, 2, 4, 6 and 24 hours. The particle sizes of each samples were measured by Nanosizer at 

25 °C. 

(B) Medium concentration. Microspheres aqueous dispersion (1×103 µg/ml) was 

irradiated. The dispersion was divided into seven same samples in advance, and one of 

them was moved from irradiation for recording the particle size at the prescheduled time 

points: 0, 1, 2, 4, 6 and 24 hours. The particle sizes of each samples were also measured 

by Nanosizer at 25 °C. 

(C) High concentration (dry solid state). Microspheres aqueous dispersion (4×104 

µg/ml) was divided into seven same samples in advance, and allowed to dry on separated 

glass slides. This process provided seven samples of dried microspheres with high 

concentration. Slides were put under light treatment, and one of them was moved from 

irradiation at the prescheduled time points: 0, 1, 2, 4, 6 and 24 hours. The dried 

microspheres on slides were merged in 50 ml water and dispersed by sonication for 3 min. 

Then the obtained dispersions were used for recording the particle sizes. 

For all these three conditions, additional set of seven sample under respective 
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conditions were prepared and stored without light treatment. Their particle sizes were 

also recorded as comparison. 

After photoreaction, the morphology of microspheres was observed by TEM, and 

compared with that before photoreaction. The TEM samples were the dispersion of 

microspheres (condition B, medium concentration). 

2.5.3. Photosensitive EC/PHCA/PVA composite membranes 

2.5.3.1. Fabrication of composite membranes 

The photosensitive EC/PHCA/PVA composite membranes included EC as matrix 

and PHCA/PVA microspheres as dopants, and they were fabricated by casting method 

(Figure 27). As matrix material, EC was dissolved into ethanol to 10% (w/w) 

concentration in advance. The obtained solution was mixed with the desired amount of 

PHCA/PVA microspheres (the doping ratio was 100 mg microspheres in 100 mg EC 

matrix) to generate a casting solution, and it was stirred for 1 hour for well mixture. The 

casting solution was then casted on glass slides by a stainless casting blade (micrometer 

adjustable film applicator). The obtained membranes (EC/PHCA/PVA membrane) were 

allowed to dry at room temperature overnight. The dry membranes together with glass 

slides were merged in water bath at room temperature, and after around 1 hour the 

membranes could be separated from glass slides and collected. By adjusting the original 

blade height during casting, the thickness of final membranes could be tunable. Three 

different blade heights were adjusted: 150 μm, 300 μm and 450 μm, and the respectively 

obtained membranes were collected for comparison. 
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Figure 27. Schematic illustration of casting process to fabricate polymer film. (A) 

Polymer solution is dropped onto glass slide. (B) Film is formed by moving casting blade 

horizontally, and dried after evaporation of solvent. (C) Film is collected from slides in 

water bath. 

The non-photosensitive composite membranes were also prepared as control groups. 

The difference of non-photosensitive membranes from photosensitive ones was the 

absence of photosensitive component PHCA. Therefore two kinds of membranes without 

PHCA were fabricated: EC and EC/PVA membranes. The EC membranes contain only 

EC matrix without any doping, and they were used in comparison to demonstrate the 

absence of microspheres. These membranes were casted directly with 10% (w/w) EC in 

ethanol solution. The EC/PVA membranes contain the corresponding content of PVA but 

without PHCA, and they were used in comparison to demonstrate the absence of 
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photoreaction. To cast these membranes, 2% PVA aqueous solution was first mixed with 

ethanol at ratio of 20:80 to obtain homogeneous colorless solution, followed by 

dissolving EC to 10% (w/w) concentration for casting. All membranes in control groups 

had the original casting blade height set at 300 μm. 

2.5.3.2. Morphology of composite membranes 

The appearance of composite membranes was observed and recorded by digital 

camera. The microstructures on cross-section of composite membranes was observed by 

SEM. For SEM samples, membranes were folded and cracked to create newly formed 

cross-section without tearing. These samples were then adhered vertically to the SEM 

holder, and their cross-sections were faced up for SEM observation. Noble metal coating 

(Pt, 20mA, 30s) was performed for better conduction of electrons during imaging. The 

thickness of membranes was measured as a mean value from at least 8 different positions 

along the cross-sections. 

The distribution of microspheres in the composite membranes was observed by 

confocal laser scanning microscopy (CLSM). Composite membranes on glass slides were 

directly utilized as the microscopy samples. The fluorescence of PHCA was observed 

using DAPI channel (λex = 358 nm, λem = 461 nm). 

2.5.3.3. Photoreaction of composite membranes 

To study the photoreaction of composite membranes, EC/PHCA/PVA membranes 

were put horizontally under the UV light. The distance between lamp and samples was 

kept at 10cm and all other conditions were the same as before. A control group was set 

using the EC/PHCA/PVA membranes without irradiation. After 20 hours of irradiation, 
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the membranes were collected, and their thermal mechanical properties were studied by 

dynamic mechanical analysis (DMA, static force at 0.3 N and the dynamic force at 0.2 N, 

in the temperature range of 30 to 180 °C with the heating rate of 2 °C/min). 

Non-photosensitive EC membranes were selected to undergo the same treatments 

and tests. Their mechanical properties were recorded for comparison. 

2.5.3.4. Light-tunable diffusion through composite membranes 

The diffusion tests were performed on composite membranes (with or without light 

treatment) using side-by-side diffusion cells (Figure 28). Before the tests, dry membranes 

(with or without light treatment) were allowed to hydrolyze and equilibrate in water bath 

for 1 hour. Then the membrane (area around 2 cm ×2 cm) was mounted between the 

donor and receptor chambers of diffusion cells, and tightened by the compatible clamp. 

In the donor chamber, 7 ml of RhB aqueous solution (1 mg/ml) was filled as the agents in 

reservoir, while in the receptor chamber filled 7 ml of deionized water as receptor 

medium. In both chambers a magnetic stirring bar was provided to help the equilibration 

at 200 rpm during diffusion tests. The diffusion cells were kept at 37°C and its 

temperature was maintained by warm water bath. The diffusion tests and timing started as 

both chambers were filled liquid. At prescheduled time points, solution samples were 

collected from the receptor chamber to analyze the RhB concentration by UV/Vis 

spectroscopy at 554nm, and then restored to continue the diffusion tests. The diffusion 

profiles were established as the mass of diffused RhB increased over diffusing duration. 

The diffusion tests were performed on photosensitive EC/PHCA/PVA membranes 

with different thicknesses. As comparison, the control group was set as non-
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photosensitive EC/PVA membranes, and all treatments were kept the same. 

 

Figure 28. Photograph of the side-by-side diffusion cells, showing the setup for diffusing 

RhB through membrane. 

Beyond the diffusion patterns, two parameters were obtained from the diffusion 

profiles to describe the diffusion ability of composite membranes. The one was solute 

permeability (P) which was calculated from Fick’s first law of diffusion (equation (1)), 

while the other was the relative permeability (P relative) which was calculated by 

comparing the permeability after irradiation (P UV) to that before irradiation (P control) 

(equation (2)). 

𝑀𝑡 = 𝑃 × 𝑆 × 𝐶𝑑 × (𝑡 − 𝑡𝐿)        (1) 
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𝑃𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑃𝑈𝑉

𝑃𝑐𝑜𝑛𝑡𝑟𝑜𝑙
         (2) 

In equation (1), Mt is the mass transport through membrane till time t, S is the 

permeation area on membrane, Cd is the drug concentration in the donor chamber, and tL 

is the lag time until a steady diffusion state is reached across membrane. The 

establishment of equation (1) requires following assumptions: (a) the permeation area on 

the membrane S and the drug concentration in the donor chamber Cd can be considered as 

constant; (b) sink condition is maintained in the receptor chamber during diffusion 

process; (c) a steady diffusion state is reached after a lag time tL.173,174 This Mt - t 

equation was used to fit the diffusion pattern of RhB through composite membranes, and 

the permeability P was calculated from the slope of curve. 

2.5.4. Fabrication & release test of RhB-loaded reservoir tablets 

To better observe the practical diffusion controllability of the composite membranes, 

reservoir tablets were designed and fabricated to simulate diffusion from reservoir 

devices such as microchips or insoluble matrix pills. A small chamber (Ф 10 mm, 6 mm 

depth) was drilled on the poly(methyl methacrylate) (PMMA) tablet as container to load 

RhB solution (1 mg/ml, in pH 7.4 PBS). After the RhB solution was filled, composite 

membrane (casted with 300 μm original blade setting, with or without light treatment) 

was carefully adhered to the upper surface by polydimethylsiloxane (PDMS) to cover the 

drug chamber. The reservoir tablets were stored for two days under room temperature 

with constant humidity to allow the drying of PDMS adhesive. 

After that, the tablets were merged in 40ml pH 7.4 PBS at 37°C, and the release tests 
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were irritated in a shaker at 100 rpm. At predicted time, solution samples were collected 

from the PBS medium to measure the amount of RhB released from reservoir tablets, and 

the whole release tests were continued over 10 days. 

2.5.5. Statistical analysis 

The two-tailed Student's t-test was used to compare data. All results were presented 

as mean ± S.D., and a difference of p < 0.05 was considered statistically significant. 

2.6. Results & Discussion 

2.6.1. Photosensitive copolymer PHCA 

2.6.1.1. Structure of PHCA 

The molecular weight of PHCA was 5.79×103 g/mol (Mw) (PDI = 2.23) as measured 

by GPC using polystyrene as reference. 

 

Figure 29. 1H NMR spectrum of PHCA using DCM-d2 as solvent. 
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The polymer structure of PHCA was confirmed through 1H NMR (Figure 29). In 

range 6.0~8.5 ppm existed four broad peaks which came from the H of unsaturated 

hydrocarbon in cinnamic acid structure. 

2.6.1.2. Calibration of PHCA 

The quantification method of PHCA was well established by using UV/Vis 

spectroscopy. PHCA had λmax = 303 nm on absorption spectrum, and the absorbance 

(Abs) at 303 nm presented good linear relationship (R2 = 0.9987) with the concentration 

(C) of PHCA (Figure 30). The established linear equation was Abs = 0.1085×C-0.0059, 

and the corresponding linear range was C = 2~10 µg/ml.  

 

Figure 30. Calibration curve of PHCA using UV/Vis spectroscopy. (Insert is the 

absorption spectrum of PHCA) 

2.6.1.3. Photoreaction of PHCA 

The photoreaction of PHCA was observed from the change on its absorption 
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spectrum during UV light irradiation (Figure 31). Since the conjugated C=C double 

bonds were consumed during the photoreaction, which could significantly decrease the 

level of unsaturation, the formation of cyclobutane crosslinks can be monitored from 

UV/Vis spectrum where the absorbance of PHCA is decreased.28,175,176 The main 

absorption peak of PHCA gradually decreased over 20 hours of irradiation time, 

supporting the photoreaction between cinnamic moieties in PHCA. From the decrease of 

absorption, it could be calculated as 69.7% of cinnamic moieties consumed in current 

experimental condition. 

 

Figure 31. Absorbance of PHCA gradually decreased during irradiation by 365nm light. 

The photoreaction of PHCA was further proven by the 1H NMR. The [2+2] 

cycloaddition between cinnamic moieties changed C=C double bonds to cyclobutane 

structure among polymer chains, and therefore this reaction changed resonance 

environment of H on double bonds. After irradiation, clear changes were observed in the 
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NMR spectrum of PHCA (Figure 32). While the intensity of double bonds (peak a, b) 

decreased, several new peaks at δ = 3.5~5 ppm (which are characteristic of cyclobutane) 

were obtained, indicating that the polymer chains were crosslinked by [2+2] 

cycloaddition. 

 

Figure 32. 1H NMR spectrum of PHCA before (A) and after (B) UV irradiation. The 

dashed inserts are magnification of corresponding spectrum in area 3~5 ppm, showing 

generated peaks of cyclobutane along polymer chains. 

The photoreaction of PHCA could not only be presented in solution state, but also 

could be observed in the solid state of PHCA. It was known from experiments that 

pristine PHCA could well and easily dissolve in DCM. However, when solid PHCA 

powder was irradiated by 365 nm light in advance, the treated PHCA could not 

completely dissolve in its good solvent DCM (Figure 33). Unlike polymers in solution 

state, PHCA in solid condition could generate undissolved product after irradiation since 
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the polymer chains were packed much more closely than they were in solution. 

 

Figure 33. The solubility change of PHCA in DCM between before (A) and after (B) 

irradiation on its solid state. PHCA solid was irradiated directly to give highly 

crosslinked product that could not completely dissolve in DCM. 

2.6.2. PHCA/PVA microspheres 

2.6.2.1. Composition & morphology of microspheres 

The content of PHCA in the microspheres was determined by UV/Vis spectroscopy 

using the established calibration. Results showed 90.47 ± 1.80% (w/w) of the obtained 

microspheres was PHCA. This indicated that around 9.53% (w/w) was PVA. 

The morphology of PHCA/PVA microspheres was observed by both SEM and TEM. 

Through SEM the observation was the appearance of dry microspheres powders (Figure 

34), while TEM images showed the appearance of microspheres in aqueous dispersion 

(Figure 35). Both presented the sphere-like particle morphology of microspheres. The 

size of microspheres was of broad distribution since it ranged from hundreds nanometers 

to several micrometers. 
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Figure 34. SEM images of dry PHCA/PVA microspheres powders. Scale bar = 50 µm 

(left) and 3 µm (right). 

  

Figure 35. TEM images of PHCA/PVA microspheres in aqueous dispersion. Scale bar = 

1 µm (left) and 2 µm (right). 
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2.6.2.2. Photoreaction of microspheres 

Since the PHCA was the main component of microspheres, its photoreaction may 

took place to change the morphology of particles, especially when considering the 

photoreaction might occur either in particles or on the surface of particles. To study these 

morphological changes, the average size of microspheres was measured. Even with a 

broad size distribution, the continuous change still provided a clear indication of the 

photoreaction. 

The microspheres were irradiated in 3 different concentrations. Their average 

particle size indeed changed during irradiation process, but the changing trends were 

different between these 3 cases (Figure 36). In diluted state, the particle size tended to 

decrease, since the photoreaction within particles (intra-particle) caused the shrinkage of 

microspheres. In concentrated or dry state, the particle size tended to maintain or even 

increase, where the photoreaction was not limited within individual particles, and could 

occur among particles (inter-particle) to crosslink adjacent microspheres to form 

agglomeration. 

In fact, it has been reported that nanoparticles made of this photosensitive polymer 

show significant shrinkage following photoreactions in solution.12 Similar results were 

obtained in current work. That is, when microspheres were irradiated at a relatively low 

concentration (20 μg/ml), the average size decreased clearly (Figure 36A) due to the 

increased intra-particle crosslinking degree of polymers within the spheres.12,29 After 2h 

irradiation the particle size began to decline and the final average size decrease was about 

50% after 24h. In this relatively diluted state, the distance between microspheres is big 
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enough to prevent their contact and thus to prevent inter-particle crosslinking. 

 

 

 

Figure 36. The size change of microspheres under 365nm light irradiation. (A) Aqueous 

dispersion of 20 µg/ml microspheres, size decreased indicating the shrinkage of particles; 

(B) Aqueous dispersion of 103 µg/ml microspheres; (C) 4×104 µg/ml microspheres dried 

on glass slides, size increased indicating the agglomeration of particles. The increased 

size was not accurate due to the significant agglomeration. (Data shown as mean ± SD of 
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3 samples. * p<0.05, compared with data at 0h of corresponding group) 

However, the size change was clearly limited (Figure 36B) when microspheres of a 

relatively higher concentration (1×103 μg/ml) were irradiated. In this denser dispersion, 

the microspheres could encounter each other much more easily, and so a competition 

between intra- and inter-particle interactions took place, leading to minimal influence on 

the overall size. To support this assumption, an extremely higher concentration (4×104 

μg/ml) of microspheres was utilized for the same test. The particles were dried on a glass 

slide to give an even much denser dry state before direct irradiation. This time the particle 

size clearly grew to about 300% of the original value (Figure 36C), indicating the 

agglomeration of particles. For comparison, all control groups without irradiation 

generally maintained their original size. In the dry state with higher concentration, most 

microspheres are in contact with each other, and thus inter-particle crosslinking was 

believed to occur more easily and thus dominated over the competing intra-particle 

interaction. As a result a significant size increase of particles, which was caused mainly 

by the agglomeration of microspheres, was observed. 

The generation of agglomeration was proven by TEM images of microspheres after 

irradiation (Figure 37). It showed clearly that most particles agglomerated and fused with 

each other after 365nm light treatment, losing their clear boundaries before irradiation. 

The agglomeration was attributed to the crosslinking during photoreaction. Moreover, the 

polymeric surface of microspheres were considered soft, and the particles could move 

freely in dispersion. Therefore the photoreaction occurred in random positions, leading to 

the slight fusion of particles. 
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Figure 37. TEM images of microspheres (1mg/ml in water dispersion) before (A) and 

after (B) 365nm light irradiation, indicating the particles agglomerated after irradiation. 

The scale bar = 1 μm. 

2.6.3. Composite membranes 

2.6.3.1. Morphology of composite membranes 

Incorporation of either PVA or PHCA/PVA microspheres into EC matrix could 

significantly change the appearance of the membranes (Figure 38). Pure EC typically 

formed obscure or semi-transparent membranes with smooth surface. The membrane 

turned to be turbid and white with a rough surface when PVA was mixed into EC. 

Doping with PHCA/PVA microspheres generated a yellowish membrane, as the yellow 

color came from PHCA. Compared to EC/PVA, EC/PHCA/PVA membrane was closer to 

EC with an obscure rather than turbid appearance. 

(A) (B)
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Figure 38. Photographs of EC (A), EC/PVA (B) and EC/PHCA/PVA (C) membranes. A 

piece of white paper was put behind the bottom of membranes for contrast. 

SEM images showed that the internal structure of membranes was greatly changed 

when PVA or microspheres were incorporated. While the pure EC membrane showed 

relatively dense sponge-like cross-section (Figure 39, A1 and A2), a more porous 

honeycomb-like structure appeared in the EC/PVA membranes (Figure 39, B1 and B2) 

whose preparation included incorporation of aqueous contents. It is well known that due 

to the slower evaporation rate than ethanol, moisture in casting solution introduces a 

significant pore-forming phenomenon.177,178 The slight sponge-like structure in pure EC 

films could be attributed to the moisture in ethanol. When PVA with aqueous contents 

were incorporated during fabrication, the pores formed in membranes were even bigger, 

and the resulting EC/PVA membranes were highly porous. The more porous internal 

structure in the EC/PVA films also caused the turbid appearance of EC/PVA membranes. 

(A) (B) (C)
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Figure 39. SEM images of the cross-section of EC (A), EC/PVA (B) and EC/PHCA/PVA 

(C) membranes. Images A2, B2 and C2 (scale bar = 5 μm) are magnifications of A1, B1 

and C1 (scale bar = 30 μm), respectively. Arrows in C2 indicate the microspheres and 

EC matrix. 

For the EC/PHCA/PVA membranes, their preparation process did not introduce 

significant moisture evaporation, so their EC matrix was not much porous and closed to 

pure EC membranes. Meanwhile, since the microspheres were not soluble in ethanol 

during fabrication, they maintained their sphere structure after the whole preparation 

process (Figure 39, C1 and C2). Therefore, the cross-section of the EC/PHCA/PVA 

membranes showed a mixture structure where the PHCA microspheres simply embedded 

in EC matrix. 

Due to the extra space occupied by either microspheres in EC/PHCA/PVA 

(A1) (C1)(B1)

(C2)(B2)(A2)

Matrix

Microspheres
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membranes or pores in EC/PVA ones, their film thickness, 25.63 ± 2.37 μm and 28.59 ± 

0.36 μm respectively, was higher than that of pure EC membranes (Table 2). Meanwhile, 

for the composite membranes themselves, the thickness was tunable by varying the 

original blade height; elevating the casting blade leaded to thicker membranes. From 150 

μm original setting which resulted in thickness of 10.79 ± 1.44 μm, the film thickness 

increased by around 12~15 μm when the casting blade was elevated by 150 µm each time. 

Table 2. Thickness of different membranes (measured from SEM images). 

Composition EC EC/PVA EC/PHCA/PVA 

Original blade 

height 
300 µm 300 µm 150 µm 300 µm 450 µm 

Thickness [a]/ µm 9.93 ± 0.26 28.59 ± 0.36 10.79 ± 1.44 25.63 ± 2.37 37.42 ± 0.98 

[a] Data are presented as mean ± SD by measuring 8-10 positions along the cross-sections on SEM images. 

Interestingly the PHCA had fluorescence under irradiation (λEx = 354nm, λEm = 

456nm, Figure 40). The fluorescent property is reasonable when considering coumarin 

derivatives are typical imaging dyes which are also analogues of cinnamic acid. This also 

provided an opportunity to observe microspheres from the top view of membranes 

(Figure 41) by CLSM. Confocal images showed that the microspheres were packed very 

close in the composite membrane so as to allow inter-particle crosslinking. Same as the 

observation in SEM images, microspheres maintained their spherical shape after 

embedding in EC matrix. 



92 

 

 

Figure 40. Excitation and emission spectrum of PHCA (λEx = 354nm, λEm = 456nm). 

 

Figure 41. CLSM images of EC/PHCA/PVA composite membrane from top view, 

showing the dense distribution of microspheres. A: DAPI channel showing PHCA 

microspheres; B: bright channel; C: combination. 

2.6.3.2. Photoreaction of composite membranes 

The light-induced crosslinking in composite membranes was verified by 

characterizing the mechanical properties of these films with DMA. Figure 42A shows the 

storage modulus of membranes with or without UV irradiation (temperature ranged from 

50 to 170 °C). Compared with EC membranes, EC/PHCA/PVA composite membranes 
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presented lower modulus indicating a little poorer mechanical properties. Two relaxation 

stages existed in the composite membrane, which could be attributed to the two 

components (matrix and microspheres) in film materials. It was noted, however, that the 

storage modulus was restored significantly after the membrane was irradiated by UV 

light, and thus the modulus at 110 °C increased by 1.7 times, from 573 MPa to 987 MPa. 

The improvement of film mechanical property after irradiation can be attributed to the 

crosslinks generated during photoreactions.179,180 

Correspondingly, Tan δ (loss modulus/storage modulus) of these membranes was 

shown in Figure 42B, where the peaks represented the temperature at which the 

polymeric materials undertook the maximum change in mobility of polymer chains and 

network. EC films had only one peak around 142 °C in this figure, which was 

corresponding to the glass transition temperature (Tg) of EC.181 The EC/PHCA/PVA 

composite membrane had two separated Tan δ peaks at around 135 °C and 110 °C, 

respectively owning to behaviors of matrix and fillers,182 indicating the true immiscibility 

of matrix and microsphere fillers.183 This corresponded well to the two relaxation stages 

in the storage modulus curve. Tg of EC matrix decreased to about 135 °C after 

microspheres were incorporated in the film,184-186 and the motion of PHCA chains was 

contributing to the second Tan δ peak at 110 °C. However, clear changes were observed 

after UV irradiation. First, the Tg of EC matrix increased to about 138 °C, meaning the 

local motion of polymer chains was limited after the formation of crosslinks among 

microspheres; second, the Tan δ peak of PHCA disappeared within current temperature 

range, indicating that the motion of PHCA chains was inhibited after being crosslinked 
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and that the phase transition did not occur. In fact, considering greater networks or 

agglomerates were formed during this crosslinking process, the phase transition of 

crosslinked PHCA might happen at a higher temperature exceeding current tested 

range.187-189 

 

 

Figure 42. Storage modulus (A) and Tan δ (B) curves versus temperature for the EC and 

EC/PHCA/PVA membrane without (control) or with (UV) 365nm light irradiation. 
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2.6.3.3. Light-tunable diffusion of RhB through composite membranes 

To verify the photosensitive operation of EC/PHCA/PVA membranes, diffusion tests 

were performed both before and after UV irradiation on these membranes, and EC/PVA 

membranes were utilized in the same tests as comparison. 

 

 

Figure 43. (A) Diffusion profiles of RhB through EC/PVA (blue) or EC/PHCA/PVA (red) 

membranes before (empty symbols, control group) or after (solid symbols, UV group) the 

membranes were given UV irradiation. (B) Permeability change of two types of 
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membranes after irradiation. Permeability and P relative was calculated from the diffusion 

profiles according to Equation (1) and (2), respectively. All data was shown as mean ± 

SD, n=3. 

Without irradiation, compared to EC/PVA diffusion profile, EC/PHCA/PVA 

membranes showed much slower diffusion. While EC/PVA membranes diffused around 

70 μg RhB over 6 hours, EC/PHCA/PVA had a diffusion of about 20 μg in the same 

period (Figure 43A). Moreover, the diffusion within 6 hours appeared to be zero-order 

since linear regression was achieved for all membranes (R2 > 0.99). This suggested that 

no apparent lag time was observed during the current diffusion process. That is, it was 

technically acceptable in the Equation (1) tL ≈ 0. 

After irradiation, the diffusion through EC/PHCA/PVA films was slowed down to 

<10 μg, showing a significant declination in the permeability of photosensitive films. 

With the same treatment for the same period, EC/PVA membranes maintained almost 

unchanged diffusion. This comparison indicated that the photosensitive diffusion 

decrease was attributed to the photoreaction of PHCA rather than PVA or EC matrix. 

When the permeability (P) change was considered after irradiation, it also suggested that 

only EC/PHCA/PVA membrane possessed the photosensitive controllability (Figure 

43B). The permeability of EC/PHCA/PVA membranes significantly decreased from 

1.23×10-6 cm/s to 3.23×10-7 cm/s (p = 0.02) after light treatment, while the permeability 

change of EC/PVA membranes was not significant upon the same irradiation, only from 

4.40×10-6 cm/s to 4.03×10-6 cm/s (p = 0.41). 

The P relative value provided another parameter to compare the photosensitivity of 
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these two membranes. Compared to EC/PVA membrane of P relative > 0.9, which showed 

no significant change of permeability, EC/PHCA/PVA membrane of P relative ≈ 0.26 had 

obvious photosensitive controllability, indicating about 74% decrease of permeability. 

After photoreaction, the original diffusion routes in photosensitive membranes were 

blocked by generated inter-particle crosslinks, and thus the diffusion was slowed down 

by either longer penetration pathway or lower porosity of membrane. 

The diffusion behavior and controllability could also be tuned further by varying the 

thickness of casted films. Increasing thickness from 11 μm to 37 μm declined P relative 

value from 0.6 to 0.3 (Figure 44), indicating that more controllability could be achieved 

utilizing thicker membranes. This was reasonable since more crosslinking could occur in 

thicker membranes, which consequently impacted the diffusion pathways and the overall 

porosity. 

 

Figure 44. Permeability comparison of composite membranes with different thicknesses 

before (empty columns, control group) and after (solid columns, UV group) irradiation. 
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Permeability and P relative were calculated from the diffusion profiles according to 

Equation (1) and (2), respectively. All data was shown as mean ± SD, n=3. 

2.6.4. Release profiles of RhB from reservoir tablets 

To validate the operation of composite membranes in practical diffusion conditions 

over a longer period of time, the films were coated on reservoir tablets (Figure 45) to 

simulate a sustained release process. The overall size of tablets was around 1.5 cm which 

could not only simulate real drug pills but also facilitate fabrication. 

 

Figure 45. Photographs of empty reservoir tablet (A1), tablet loaded with RhodamineB 

(RhB) solution (A2), and RhB loaded tablet coated with composite membrane (A3). 

During 10 days of release tests, these membranes maintained their photosensitive 

controllability when they were mounted on PMMA tablets. For tablets without irradiation, 

more than 70% of loaded RhB was released into buffer solution over 10 days, while those 

with irradiation released less than 30% of payloads, indicating that permeability declined 

by around 57% over this period (Figure 46). Compared to diffusion tests performed with 

diffusion cells, drug release from tablets into medium had two main differences: (I) while 

diffusion cells utilize 200 rpm stirring to better mix solutions in both donor and receptor 

(A1) (A3)(A2)
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chambers, no stirring existed in the container of reservoir tablets; (II) cargo concentration 

in donor chamber was no longer considered as constant. Therefore, the experimental 

design for testing release from model tablets is closer to the practices used in sustained 

drug delivery formulations. It may also be observed that the declination of permeability 

(~57%) was not as high as that in previous diffusion cell tests (~74%), and this might be 

attributed to the PDMS adhesion in small area of membranes. Considering the significant 

decrease of diffusion from tablets, the composite membrane maintained good 

controllability on the permeability for sustained diffusion or release. 

 

Figure 46. Release profile of RhB from PMMA tablets coated with composite membranes 

before (empty symbols, control group) and after (solid symbols, UV group) irradiation. 

The coating membranes had thickness of ~25μm. All data was shown as mean ± SD, n=3. 
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diffusion by UV irradiation. A photosensitive polymer, poly(hydroxycinnamic acid), was 

synthesized and incorporated into EC matrix in the form of light responsive (PHCA/PVA) 

microspheres. Spectroscopy and microscopy results showed that inter-particle 

crosslinking between highly compact spheres in the membrane after UV irradiation led to 

microspheres agglomeration and reduced membrane permeability. This photo-behavior 

was further verified by DMA as crosslinking improved the mechanical properties of 

composite membranes. Based on the crosslinking of microspheres, diffusion routes were 

blocked so as EC/PHCA/PVA composite membrane (in diffusion cell) had 74% decrease 

in the cargo release rate after irradiation, while this composite membrane on a tablet 

model showed a 57% decrease. Through easily controlling the membrane thickness, even 

further tuning can be achieved. Thus, depending on the amount of cargo that needs to be 

released, different membrane thickness can be used for coating. Moreover, varying the 

irradiation time could also provide more control as the maximum crosslinking occurred 

after 20h. Thus, if more permeability (less crosslinking) is needed the irradiation time can 

be shortened. Different materials can be easily coated with this photo-responsive 

polymeric membrane then UV irradiated to achieve the desired permeability for various 

applications. This project affords a promising, cheap, and safe control over diffusion in 

membrane systems especially when prolonged and sustained release is preferred. 
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Chapter 3. Thermo-Responsive Composite Membranes Embedding 

Poly(N-Isopropylacrylamide) Hydrogel for Controlling Diffusion 

3.1. Background 

To control diffusion process through membrane systems, various stimuli can be 

utilized as external triggers. Among them, heating still attracted much attention as 

traditional stimulus. One crucial foundation in related biomedical designs is that 

pathological behaviors always increase the tropical temperature of human body.190-192 

Based on this point, a thermo-responsive system is reasonable and preferable when it can 

trigger therapy behavior after heating. 

An effective thermosensitive polymer, poly(N-isopropylacrylamide) (PNIPAm) has 

been utilized in various biomedical formulations or devices by grafting with other 

polymers71,74,75,77 or inorganic particles,69,79,81,193-196 forming nanoparticles,68,76,78 

micelles70 or liposomes,72,73 or even coating other particles in its pristine form.197,198 

Controlling the crosslinking process during synthesis, the PNIPAm is always utilized as 

hydrogels (HG) in existed systems. 

The thermo-response of PNIPAm HG, or volume phase transition after heating, is 

reflected on both molecular and macro-scale levels. On molecular level, the thermo-

response of HG was determined by the hydrophobic environment of polymer moleculers 

under different temperatures.67 At lower temperature, the PNIPAm networks tended to 

stretch in solution to establish inter-molecular H-bonding with surrounding water 

molecules. In this state the HG particles were highly hydrophilic and swollen in 
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dispersion. However, when temperature increased to a certain point, the formation of 

inter-molecular H-bonding is limitted, and the polymer networks tend to establish intra-

molecular H-bonding. This change turns HG to more hydrophobic and shrinked. The 

change of HG from swelling to shrinkage induces the volume phase transition, and the 

critical temperature of changing is volume phase transition temperature (VPTT). On 

macro-scale level, the change over swelling state of HG can be reflected on the 

appearance of HG dispersion. When this HG shrinks after heating, the polymer chains are 

not hydrated well and tend to precipitate, which turns the HG dispersion to be more 

cloudy. This behavior is closed to the cloud point property of polymer solution. 

3.2. Design 

 

Figure 47. Schematic design of thermos-responsive increasing diffusion through 

composite membrane based on shrinkage of embedded HG. 

In this work, a polymeric membrane was fabricated whose diffusion can be tuned by 

heating or cooling at different temperatures. PNIPAm HG was synthesized and embedded 

into cellulose acetate (CA) matrix to form composite membranes (Figure 47). The 
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thermo-responsive HG works as the gatekeepers in the membrane systems to control the 

diffusion. While they can swell and occupy the diffusion pathway in films to limit the 

mass transport below VPTT, they can also shrink their size above VPTT to allow more 

diffusion passing by. In this way, the composite membranes can control the diffusion 

through them based on the temperature change, and increase the mass transport after 

heating. This thermo-responsive behavior envolves mainly with change of physical 

property of materials, therefore the membranes have no comsumption of functional 

molecules and should be reversible for repeated usages. 

The design of current project is analogous to the previous one (Chapter 2). While 

both of them choose composite membranes as the form of functional materials, they are 

responsive to different external triggers since they incorporate different stimuli-

responsive components in the membranes. Therefore their controllability over diffusion 

can be different. The innovation point of the current project is the facilitated fabrication 

of composite membranes, where the thermo-responsive hydrogels can be easily 

synthesized and the films can be easily casted from CA with better film-forming ability. 

3.3. Materials 

All chemicals and solvents in this project were purchased from Sigma Aldrich. N-

isopropylacrylamide (NIPAm), N-isopropylmethacrylamide (NIPMAm) and acrylamide 

(AAm) are monomers of HG, bisacrylamide (BA) is crosslinker and potassium persulfate 

is initiator of polymerization. Cellulose acetate (CA, Mn=30,000) is matrix of the 

composite membranes. 
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3.4. Instruments 

Analytical balance (Mettler Toledo, model MS204S, Switzerland), magnetic stirrer 

(IKA, model RCT basic, Germany), centrifuge (Eppendorf, model 5810R, Germany), 

Analog vortex mixer (VWR, USA), vacuum oven (Thermo Scientific, model Lindberg 

Blue M, USA), ultrasonic cleaner (Branson, model 3510E-DTH, USA), lyophilizer 

(Christ, model alpha 1-2 LD, Germany), micrometer adjustable film applicator (Sheen 

Instrument, model 1117, UK). UV/Vis spectrophotometer (Varian, model Cary 5000, 

USA), fluorescence spectrophotometer (Varian, model Cary Eclipse, USA), scanning 

electron microscope (FEI, model Quanta 600, USA), side-by-side diffusion cells 

(PermeGear, series #5G-00-00-10-07, 7 ml volume, Ф 10mm orifice, USA). 

3.5. Experimental Section 

3.5.1. Thermo-responsive PNIPAm HG 

3.5.1.1. Synthesis of PNIPAm HG 

The PNIPAm HG were prepared by copolymerization of NIPAm, NIPMAm and 

AAm. In 300 ml DI water 4 g NIPAm, 7.44 g NIPMAm, 0.5 g AAm as well as 0.78 g BA 

(crosslinker) were dissolved by stirring at 40 °C under nitrogen purging. After 1 h the 

reaction was initiated by adding 1 g potassium persulfate and increasing the temperature 

to 70 °C. The mixture was kept at this temperature for 12 h to obtain white suspension 

which was then allowed to be cooled at ambient condition. To remove the unreacted 

monomers and small polymer molecules, this mixture was purified by dialysis in DI 

water for 2 days using 25kDa MWCO dialysis bag. After dialysis, the purified aqueous 

dispersion of HG was collected for lyophlization. The obtained PNIPAm HG powders 
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were stored at 4 °C until further usage. 

3.5.1.2. Determination of VPTT 

The VPTT of HG was observed by monitoring the absorbance of PNIPAm aqueous 

suspension on UV/Vis spectrum over increasing temperature. HG was dispersed in water 

and filled in cuvette in advance, and the temperature was set at 35 °C for both reference 

and sample slots in UV/Vis spectrophotometer. The absorbance spectrum was then 

recorded at wavelength 600-400nm. The temperature of slots was gradually increased in 

the pace of 1 °C (from 35 °C to 50 °C), and each temperature was kept for 10 min for 

equilibration. At each temperature, the absorbance spectrum was recorded in the same 

fashion. All the absorbance values at 500nm (A500) were collected and plotted over 

temperature (T) to establish the A500 - T curve. The temperature at the inflection point on 

this curve indicated the VPTT of HG. 

3.5.2. Thermo-responsive composite membranes 

3.5.2.1. Fabrication of composite membranes 

The thermos-responsive CA/HG composite membranes included CA as matrix and 

PNIPAm HG as dopants, and they were fabricated by casting method. 

CA was dissolved into acetone to 10% (w/w) concentration in advance. The obtained 

solution was mixed with the desired amount of PNIPAm HG (the doping ratio was 40 mg 

HG in 100 mg CA matrix) to generate a casting solution, and it was stirred overnight for 

well mixture. The casting solution was then casted on glass slides by a stainless casting 

blade (micrometer adjustable film applicator). The obtained membranes (CA/HG 

membrane) were allowed to dry at room temperature overnight. The dry membranes 
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together with glass slides were merged in water bath at room temperature, and after 

around 1 hour the membranes could be separated from glass slides and collected. During 

casting process, the height of casting blade was tunable (100 µm, 300 µm or 500 µm) to 

achieve membrane with different thicknesses. 

Using only CA 10% (w/w) solution, the pure CA membranes were also casted with 

the same method as control groups which were not thermo-responsive. 

3.5.2.2. Morphology of composite membranes 

The microstructures on cross-section of composite membranes was observed by 

SEM. For SEM samples, membranes were folded and cracked to create newly formed 

cross-section without tearing. These samples were then adhered vertically to the SEM 

holder, and their cross-sections were faced up for SEM observation. Noble metal coating 

(Pt, 20mA, 30s) was performed for better conduction of electrons during imaging. The 

thickness of membranes was measured as a mean value from at least 8 different positions 

along the cross-sections. 

3.5.2.3. Heat-tunable diffusion through composite membranes 

The diffusion tests were performed on composite membranes (under different 

temperatures) using side-by-side diffusion cells. Before the tests, dry membranes were 

allowed to hydrolyze and equilibrate in water bath for 1 hour. Then the membrane (area 

around 2 cm ×2 cm) was mounted between the donor and receptor chambers of diffusion 

cells, and tightened by the compatible clamp. In the donor chamber, 7 ml of RhB aqueous 

solution (20 µg/ml) was filled as the agents in reservoir, while in the receptor chamber 

filled 7 ml of deionized water as receptor medium. In both chambers a magnetic stirring 
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bar was provided to help the equilibration at 200 rpm during diffusion tests. The diffusion 

cells were kept at 20°C or 45°C and the temperature was maintained by warm water bath. 

The diffusion tests and timing started as both chambers were filled liquid. At 

prescheduled time points, solution samples were collected from the receptor chamber to 

analyze the RhB concentration by UV/Vis spectroscopy at 554nm, and then restored to 

continue the diffusion tests. The diffusion profiles were established as the mass of 

diffused RhB increased over diffusing duration. 

3.5.2.4. Reversibility of composite membranes 

To check the reversibility of composite membranes, diffusion tests were performed 

on CA/HG membranes under alternating heating and cooling cycles. The setup of 

diffusion tests were the same as that in section 3.5.2.3 above except for the temperature 

controlling. The diffusion tests started from an “OFF” stage where the temperature was 

set at 37°C, and this stage was maintained for 1 hour. Then the tests move to an “ON” 

stage where the temperature was set at 45°C, and this stage was also maintained for 1 

hour. This concluded one “ON-OFF” cycle. Repeatedly, the tests move on to additional 

“ON-OFF” cycles by alternatively adjusting the temperature at 37°C or 45°C. The 

diffusion was monitored for continuous 12 hours To quickly adjusting the temperature at 

each stages, two water baths (37°C or 45°C) were prepared in advance and used to 

cooling or heating diffusion devices. 

At each stage, solution samples were collected every 15min from the receptor 

chamber to analyze the RhB concentration by UV/Vis spectroscopy at 554nm, and then 

restored to continue the diffusion tests. The diffusion profiles were established as the 
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mass of diffused RhB increased over diffusing duration. The average diffusion rate was 

calculated for each stage using following equation. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =
𝑀𝑡+1−𝑀𝑡

1
, 𝑡 = 0, 1, 2, … 11.  

Here Mt is the mass of RhB diffused through membrane at time t hour, the end of 

one stage, while Mt+1 is the mass of RhB diffused through membrane at time (t+1) hour, 

the end of the next stage. The denominator 1 means 1 hour duration. 

3.6. Results & Discussion 

3.6.1. VPTT of PNIPAm HG 

The absorbance of HG at 500nm changed continuously when the dispersion was 

gradually heated from 35°C to 50°C. The change of A500 over temperature was plotted as 

A500 - T curve in Figure 48. In this curve, a clear inflection was observed and it indicated 

the occurrence of volume phase transition at 40.2°C (VPTT). This transition temperature 

was a little higher than the regular 37°C in human physiological environments, and 

therefore was expected to function well when pathological behaviors increased the 

tropical temperature. 

On molecular level, the thermo-response of HG was determined by the hydrophobic 

environment of polymer moleculers under different temperatures. At lower temperature, 

the PNIPAm networks tended to stretch in solution to establish H-bonding with 

surrounding water molecules. In this state the HG particles were swollen. However, at 

higher temperature (≥ VPTT), the entropy of system damatically increased and the 

polymer networks would lose the inter-molecular H-bonding. Insteadly, more intra-
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molecular H-bonding would be established in polymer networks, therefore HG turned to 

be more hydrophobic, and the HG particles in this state were shrinked. 

On macro-scale observation, this behavior was reflected as the HG dispersion 

became more cloudy when temperature increased, which would increased the visible light 

absorbance of HG. This was closed to the cloud point property of polymer solution. 

Therefore, when the absorbance was monitored at fixed wavelength, it would 

dramatically increased when the temperature reached the VPTT. 

 

Figure 48. Absorbance of PNIPAm HG at 500nm changed under different temperatures. 

The inflection point indicated the VPTT. 

3.6.2. Morphology of composite membranes 

The internal structure of membranes was changed when HG was incorporated in CA 

matrix, which could be observed from SEM images (Figure 49). 

The pure CA membrane showed relatively dense cross-section. As discussed in the 
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last chapter (section 2.6.3.1), the matrix of membrane may be sponge-like, due to the 

existence of moisture in casting process. CA membranes presented clear skin layers on 

the top and bottom surfaces. This was considered resulting from the acetone solvent 

which could evaporate fast under room temperature (boiling point = 56°C). With quick 

evaporation of solvent, polymer matrix could be gelated and formed film instantly on the 

surface, which limitted the further evaporation of solvent beneath. In this way, the 

solidification of surficial matrix was faster than that of internal matix, causing the 

structural difference between skin layers and internal matrix. 

 

Figure 49. SEM images of the cross-section of CA (A) and CA/HG (B) membranes. 
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Images A2 and B2 are magnifications of A1 and B1, respectively. Labels in B2 indicate 

the HG and CA matrix. 

For CA/HG membranes, a clear difference was the existence of phase seperation, 

since two different polymers were mixed. The main phase was CA matrix, while it was 

doped with another phase which came from PNIPAm HG. Druing perparation process of 

the composite membranes, the HG was incorporated into CA matrix through simple 

physical mixture without chemical crosslinking. Therefore the two phases were separated, 

showing a mixtrure structure where the HG simply embedded in CA matrix. 

Due to the extra space occupied by HG, CA/HG membranes presented much bigger 

thickness than pure CA membranes (Table 3). Moreover, for the CA/HG composite 

membranes themselves, the thickness was tunable by simply adjusting the orginal blade 

height during casting. When the blade was lowered to 100 µm, the thickness of final 

membranes could be as thin as several micrometers. Note that the internal strcture of 

membranes did not change much when the thickness dramatically decreased (Figure 50), 

indicating the stability of mixture and fabrication process. 

Table 3. Thickness of different membranes (measured from SEM images). 

Composition CA CA/HG 

Original blade height 500 µm 500 µm 300 µm 100 µm 

Thickness [a]/ µm 22.74 ± 0.16 45.97 ± 4.61 16.76 ± 0.77 4.18 ± 0.61 

[a] Data are presented as mean ± SD by measuring 8-10 positions along the cross-sections on SEM images. 
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Figure 50. SEM images of the cross-section of CA/HG membranes with different 

thicknesses. Casting blade setting = 500 µm (A), 300 µm (B) or 100 µm (C). Images A2, 

B2 and C2 are magnifications of A1, B1 and C1, respectively. 

3.6.3. Heat-tunable diffusion of RhB through composite membranes 

The diffusion of RhB through composite membranes was recorded under either 20°C 

or 45°C. It was observed that the diffusion dramatically increased under 45°C, showing 

the thermo-response of composite membranes (Figure 51). Under 20°C, the mass 

transport of RhB through membrane was only 1.3 µg over 6 hours, but this value 

significantly increased to 6.1 µg when the membrane was under 45°C. The thermo-

response came from PNIPAm HG whose transition temperature was around 40°C. As 

discussed before, the HG tended to swell when temperature was under VPTT, and to 

shrink above VPTT. Therefore, increasing temperature to 45°C (>40°C) would shrink the 

HG to increase the diffusion pathways around them, resulting in the higher diffusion 
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through membranes than that at lower temperature. 

 

Figure 51. Diffusion profiles of RhB through CA/HG membranes (thickness = 4 µm) 

under 20°C (blue) and 45°C (red). 

The diffusion behavior and controllability could also be tuned further by adjusting 

the thickness of casted films (Figure 52). Simply lowering the blade height during casting, 

thinner membranes could be obtained to increase the diffusion. When the temperature 

increased to 45°C, all the diffusion could be further improved due to the shrinkage of HG 

embeded, indicating the maintanence of thermo-response regardless of thickness. The 

thermo-response was reflected on the difference between diffusions under two 

temperatures. For 46 µm membrane, diffusion increased to 2.9 times after heating; for 17 

µm one, this value is 3.7 times; for 4 µm one, this value continued increasing to 4.5 times. 

This comparison indicated that a better thermo-response could be achieved in thinner 

membranes, although the diffusion was a little bigger in the OFF state (20°C in current 
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tests) of membranes. 

 

Figure 52. Diffusion comparison of composite membranes with different thicknesses 

under 20°C (blue) and 45°C (red). The numbers (2.9×, 3.7× and 4.5×) indicate the 

difference between diffusions under two temperatures. 

3.6.4. Reversibility of composite membranes 

To check the reversibility of composite membranes, additional diffusion tests were 

performed under alternating temperatures. By continuously alternating temperature 

between 37°C (OFF state) and 45°C (ON state), the diffusion of RhB through membranes 

presented clear “ON-OFF” cycle patterns (Figure 53A).Compared with the diffusion 

curves at 37°C, those at 45°C showed higher slopes, indicating the mass transport 

increased at this temperature. Moreover, the significant difference between diffusions at 

two temperatures existed for at least 12 hours or 6 “ON-OFF” cycles. 

To better illuminate the diffusion difference during this continuous process, average 
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diffusion rates over each hour (either ON or OFF state) were calculated and shown in 

Figure 53B. It was shown clearly that the diffusion rates tended to move to a higher level 

near 300 ng/h when temperature increased to 45°C, and that they decreased to 100~150 

ng/h or even lower if the environment was cooled to 37°C. Therefore the diffusion could 

increase by twice when temperature changed from 37°C to 45°C. In the first two hours 

the diffusion rates were relatively lower than the routine levels, and this could be 

attributed to the lag of diffusion at the beginning. During that short time the diffusion 

routes were not saturated by RhB solution, and the osmotic pressure was not stable yet 

across membrane. This lag of diffusion could be overcomed automatically as diffusion 

continued, and finally ON-OFF patterns of diffusion appeared. Moreover, this change of 

diffusion could be maintained for at least four ON-OFF cycles of alternate heating when 

the diffusion process was stable, indicating the good reversibility of these composite 

membranes. 
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Figure 53. (A) Diffusion profiles of RhB through CA/HG membranes in alternating 

37°C/45°C heating cycles. (B) Diffusion rates increased or decreased in ON-OFF cycles 

when temperature alternately changed. 

3.7. Conclusion 

Heat-tunable composite membranes were fabricated to control diffusion by changing 

temperature. Thermo-responsive copolymer poly(N-isopropylacrylamine) was 

synthesized and crosslinked by bisacrylamide to generate hydrogel. As dopent, PNIPAm 

HG was embedded into CA matrix to form composite membranes. Spectroscopy results 

showed the HG took volume phase transition at 40.2°C. Due to the thermo-responsive 

shrinkage of HG, this property determined that composite membranes presented a higher 

diffusion ability when temperature was above 40°C. Compared with those under room 

temperature, membranes under 45°C possessed greater diffusion of around 3 times 

Through easily adjusting the membrane thickness, even further thermo-response could be 

achieved. Moreover, the composite membranes presented good reversibility after 
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repeating heating and cooling processes. This project affords a promising, cheap, and 

stable control over diffusion of membrane systems. 
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Chapter 4. Photo-Responsive Assembly/Disassembly of Microcapsules 

Based on Electrostatic Interaction of Oppositely Charged Silica 

Nanoparticles for Cargo Release 

4.1. Background 

Membrane systems are not only limited within films of macro level, but also include 

those at micrometer (µm) or nanometer (nm) scale. In fact, different microcosmic 

membrane systems, such as microcapsules, liposomes and micelles, have been widely 

used in biomedical and catalysis fields. One of them, colloidosomes, is formed by the 

assembly of colloidal particles on emulsion droplets, and has attracted major attention for 

facile microencapsulation, controlled release, and catalysis of active agents.199-202 

Recently, researchers developed doped colloidosomes by combining organic and 

inorganic nanoparticles (NPs) and thus expanded the application area of these functional 

microcapsules.203,204 

During the hollow structure formation, colloidal NPs assemble at the interface of 

emulsion droplets to decrease the total free energy and thermal energy of the whole 

system.205 The assembly at the liquid interface requires that particles are not completely 

wetted by either oil or water phase.206 To adjust the wettability of NPs, the modification 

of the surface chemistry of colloidal particles is usually carried out. This can be achieved 

by physical attachment of surfactants203,207-209 or by chemical functionalization.210,211 

Typical colloidal particles with inhomogeneous wettability on surface, such as partially 

hydrophobic silica NPs (functionalized by organosilane),212,213 are widely chosen as the 
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building blocks of colloidosomes. Given an inhomogeneous surface property, these 

colloidal NPs have the ability to stay at the oil/water (o/w) or water/oil (w/o) interfaces of 

emulsion droplets, which is much analogous to the behavior of surfactants. 

Fabrication of stable colloidosomes requires additional crosslinking or “locking” of 

NPs forming the shell to ensure an intact structure during transferring and drying.214 This 

is usually done by sintering polymeric NPs,215,216 or forming inorganic layer (e.g. silica or 

salt) as cover.217 Silica NPs are usually crosslinked by additional condensation with silica 

sources,213,218,219 or by functionalized polymers.220 The majority of these “locking” 

methods are based on the formation of stable covalent bonds which prevents future 

cleavage, and therefore the microcapsules are rendered inert. However, the application of 

colloidosomes in cargo transportation and release relies on the ability to disassemble the 

hollow structure on demand. 

4.2. Design 

Herein for the first time electrostatic interaction is employed between negatively and 

positively charged nitrobenzene-based silica nanoparticles (NBSN-1 and NBSN-2 

respectively) to assemble stable nanoscaled colloidosomes that can be efficiently 

disassembled after light exposure due to NPs charge reversal of NBSN-2 (Figure 54, top) 

The opposite charge in NBSN-1 and 2 resulted from different nitrobenzylalkoxysilane 

(NB) contents in these two organosilica NPs. The NBSN were efficiently used to form 

colloidosome nanocapsules without further crosslinking. Furthermore, the photo-cleavage 

of NB moieties in the NBSN-2 framework upon light irradiation induced the degradation 

of organic silica networks (Figure 54, bottom), exposed inorganic silica components, and 
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reversed the NPs charge to disassembe the colloidosomes due to charge repulsion. 

Electrostatically-driven assemblies of nano-objects have been investigated,221-224 and in 

this first study of electrostatic assembly/disassembly stable colloidosomes, these light-

responsive colloidosomes were applied for cargo release. 

 

Figure 54. Schematic illustration of colloidosomes made from oppositely-charged 

organosilica NPs (NBSNs). (A) NBSNs assemble at the o/w interface of emulsion droplets, 

electrostatic interactions stabilize the shell of capsules; (B) Light irradiation triggers the 
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photoreaction of components in NPs which can change their surface charge; (C) 

repulsion increases between NPs and disassembles the colloidosomes. The bottom 

reaction is the photo-cleavage of NB to degrade organic silica. 

The current project is an extension of the photo-responsive one descrived in Chapter 

2. Still using photo-response, this project is designed to fabricate functional materials at a 

much smaller level to control the release of agents. Specific to the fabrication of 

colloidosomes, the innovation of the current work includes two points. First, as described 

above, it is the first time to utilize electrostatic interaction to lock the shells of these 

microcapsules. Most reported papers ever used stable covalent bonding which limited the 

stimuli-response of materials, while this project enabled the assembly and disassembly of 

microcapsules by using the non-covalent bonding. Second, the current project provides 

method to fabricate silica colloidosomes with much smaller size than those in literature at 

present. While most papers reported silica colloidosomes with diameter ranging from 

several to hundreds of micrometers (µm), this work decreased the diameter to around 

500nm, which therefore facilitated the application of controlled release. 

4.3. Materials 

Tetraethoxysilane (TEOS) was purchased from Alfa Aesar, USA. 4-(bromomethyl)-

3-nitrobenzoic acid, N,N-Diisopropylethylamine (DIPEA), oxalyl chloride, (3-

Aminopropyl)triethoxysilane (APTES), Ammonia solution (28%), and Nile Red (NR) 

were purchased from Sigma-Aldrich, USA, and used as received. Toluene, ethanol and 

any other organic solvents are of analytical grade. 
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4.4. Instruments 

Analytical balance (Mettler Toledo, model MS204S, Switzerland), magnetic stirrer 

(IKA, model RCT basic, Germany), centrifuge (Eppendorf, model 5418, Germany), 

Analog vortex mixer (VWR, USA), rotatory evaporator (Buchi, model R-215, 

Switzerland), ultrasonic cleaner (Branson, model 3510E-DTH, USA), probe sonicator 

(125 W/cm2, Hielscher Ultrasonics, model UP100H, Germany). 

UV curing system (OmniCure, series 2000, Lumen Dynamics, Canada), radiometer 

(OmniCure, model R2000, Lumen Dynamics, Canada), nuclear magnetic resonance 

device (Bruker, model 500 MHz Avance III), UV/Vis spectrophotometer (Varian, model 

Cary 5000, USA), fluorescence spectrophotometer (Varian, model Cary Eclipse, USA), 

transmission electron microscope (FEI, model Tecnai T12, USA), scanning electron 

microscope (FEI, model Quanta 600, USA), CHNS/O element analyzer (Thermo, model 

Flash 2000, USA), zetasizer (Malvern, model NanoZS, UK). 

4.5. Experimental section 

4.5.1. Photo-cleavable o-nitrobenzylakoxysilane NB 

4.5.1.1. Synthesis of NB 

 

Figure 55. Synthesis route of o-nitrobenzylakoxylsilane NB. 

The synthesis of NB was illustrated as Figure 55. Starting from two equivalent of 
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APTES and one of 4-(bromomethyl)-3-nitrobenzoic acid, NB was generated as a 

photosensitive o-nitrobenzylamine which is analogous to o-nitrobenzyl ether225,226 or 

thioether.227-229 To 200 mg (0.77 mmol) of 4-(bromomethyl)-3-nitrobenzoic acid (1), 5 ml 

of dichloromethane, oxalyl chloride in dichloromethane (0.42 ml, 2M, 0.84 mmol) was 

added at 0 °C.  Catalytic drops of dry dimethylformamide were added to initiate the 

reaction. After two hours, dichloromethane and any excess amount of oxalyl chloride was 

removed under vacuum completely. The dry mixture was dissolved in 2 ml of DCM and 

added to a solution of APTES (0.38 ml, 1.62 mmol) in DCM (5 ml) and DIPEA (0.30 ml, 

1.70 mmol) at 0 °C.  After complete addition, the reaction mixture was removed from ice 

and stirred at room temperature for 14 hours.  The reaction mixture was washed with cold 

water and extracted with DCM (5 ml ×3) and dried over Na2SO4. The crude liquid was 

purified by column chromatography using ethyl acetate/hexane (1:1) as an eluent to yield 

light yellow oil NB (2). The product was dissolved in absolute ethanol (100 mg/ml) for 

storage and further usage. 

The structure of NB was confirmed by both 1H NMR and 13C NMR where NB was 

dissolved into chloroform-d1 (CDCl3) at ~5mg/ml. 

4.5.1.2. Photoreaction of NB 

NB solution was diluted to ~0.02mg/ml prior to light irradiation. 3.5ml of diluted 

solution was placed in quartz cell which stayed 10cm before the 365nm laser. The 

irradiance at this fixed position was 24.6 mW/cm2 (detected by OmniCure Radiometer 

R2000, Lumen Dynamics, Canada). The distance between samples and laser, as well as 

the condition of laser source, were kept the same for all irradiation process in this work. 
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At prescheduled time points, the cell was moved to measure the absorbance spectrum of 

NB by UV/Vis spectroscopy. The absorbance change (ΔA/A0) was used to predict the 

reaction level (A0 was the absorbance at time 0, while At was at time t). 

𝛥𝐴

𝐴0
=  

𝐴𝑡 − 𝐴0

𝐴0
 × 100% 

The photoreaction was also confirmed by comparing the 1H NMR spectrum of NB 

solution before and after irradiation. NB was dissolved into CDCl3 at ~5 mg/ml, and the 

NMR tube was placed 10cm before the laser. Both the original and irradiated samples 

were tested by 1H NMR. 

4.5.2. Photosensitive o-nitrobenzyl silica nanoparticles (NBSN) 

4.5.2.1. Preparation of NBSN 

The silica nanoparticles containing NB (NBSN) were fabricated by hydrolysis of 

TEOS in presence of NB, and classic Stőber method was utilized.230-232 The formulations 

of starting materials were listed in Table 4 for different nanoparticles. Generally, the 

silane components (TEOS and NB in ethanol solution) were added in the ethanol aqueous 

solution containing ammonia, and the mixture was gently stirred (200rpm) at room 

temperature over 1d or 2d. Afterward, the reaction mixture was centrifuged at 

14000rpm×10min, and solid nanoparticles were collected and rinsed with water by 3 

times. In control groups, the pure silica nanoparticles (SN) or amino-functionalized silica 

nanoparticles (SN-NH2) were fabricated in the same fashion but with different silane 

species. 
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Table 4. Formulation of different silica nanoparticles. 

 Ethanol (µl) Water (µl) 
Ammonia 
(28%, µl) 

TEOS (mg) 
Organosilane 

(mg)[a] 
Reaction 

time 

NBSN-1 950 360 60 10 5 (NB) 1d 

NBSN-2 950 360 60 10 5 (NB) 2d 

SN 1000 360 60 10 --- 1d 

SN-NH2 950 360 60 10 5 (APTES) 1d 

[a] Organosilane was in 50 µl ethanol solution, and mixed with TEOS prior to adding to reaction mixture. 

4.5.2.2. Morphology of NBSN 

The morphology of nanoparticles were observed by SEM and TEM. The distribution 

of hydrodynamic diameter was measured by Zetasizer using diluted nanoparticle aqueous 

solution. As comparison, the solid particle size distribution was established by measuring 

the diameters of nanoparticles (at least 400 counts) on TEM images with ImageJ software, 

and fitted by normal distribution. The Zeta-potential of nanoparticles dispersion was also 

recorded by Zetasizer, and was confirmed by measuring more than 3 batches of samples. 

4.5.2.3. Composition of silica NPs 

To analyze the silane composition of silica NPs, elemental analysis was performed 

where the weight percentages (%wt) of N, C and H were recorded. Nanoparticles samples 

for analysis were dried at room temperature (dark) over 1d, and 2-3 mg of each samples 

were inserted into the analyzer. Using the measured weight percentages, following 

parameters were calculated to discribe the composition of NPs. 

(1) Weight percentage of organosilane (Organic %wt) in nanoparticles. N %wt was 

used in calculation. It was reasonable to assume all N element came from the 
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organosilane. Based on the number of N in different silanes, the organic percentage could 

be predicted. 

For NBSN, only NB without -OEt was considered: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 %𝑤𝑡 =  
𝑁 %𝑤𝑡

14 𝑔/𝑚𝑜𝑙
×

333 𝑔/𝑚𝑜𝑙

3
      (1-1) 

(Here 3 is the number of N in NB, and 333 is the molecular mass of NB without -

OEt.) 

For SN-NH2, the organic part was considered as Si-(CH2)3-NH2 in APTES: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 %𝑤𝑡 =
𝑁 %𝑤𝑡

14 𝑔/𝑚𝑜𝑙
×

86 𝑔/𝑚𝑜𝑙

1
      (1-2) 

(Here 1 is the number of N in APTES, and 86 is the molecular mass of APTES 

without -OEt groups.) 

For SN, the Organic %wt was not calculated, as no organosilane was used. 

(2) Noticing that the measured C:N mol ratios were always larger than theoretical 

value in organosilane (-OEt excluded), the extra amount of C was reasonably assumed 

from the unhydrolyzed -OEt groups. The extra amount of C (C extra, mol/g nanoparticles) 

was calculated from this deduction. 

For NBSN and SN-NH2: 

𝐶𝑒𝑥𝑡𝑟𝑎  =  
𝐶 %𝑤𝑡

12 𝑔/𝑚𝑜𝑙
−

𝑁 %𝑤𝑡

14 𝑔/𝑚𝑜𝑙
×

𝑁𝐶

𝑁𝑁
      (2-1) 

(Here NN and NC were the number of N and C in organosilane without -OEt groups. 
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In NBS NN=3, NC=14; In APTES NN=1, NC=3.) 

For SN: 

𝐶𝑒𝑥𝑡𝑟𝑎  =  
𝐶 %𝑤𝑡

12 𝑔/𝑚𝑜𝑙
        (2-2) 

(Since TEOS theoretically contains no N, the all C is reasonably considered from 

unhydrolyzed -OEt groups.) 

(3) Then unhydrolyzed -OEt group composition (Extra OEt, mol/g nanoparticles) 

could be estimated: 

𝐸𝑥𝑡𝑟𝑎 𝑂𝐸𝑡 =  
𝐶𝑒𝑥𝑡𝑟𝑎

2
        (3) 

(4) The contents of amine groups could be simply calculated by contents of N: 

𝐴𝑚𝑖𝑛𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 =  
𝑁 %𝑤𝑡

14 𝑔/𝑚𝑜𝑙
×

1

𝑁𝑁
      (4) 

(Notice NB contains 3 atoms of nitrogen in molecule, so NN=3 for NB) 

4.5.2.4. Photoreaction of NBSN 

The existence of NB, as well as its photoreaction in NPs was comfirmed by the 

absorbance spectrum of NPs. The absorbance spectra of NPs were obtained by UV/Vis 

spectroscopy using 250 µg/ml dispersion. Light treatment was kept the same as that for 

NB solution in section 4.5.1.2. 

4.5.2.5. Zeta-potential changes of silica NPs 

The incorporation of NB was designed to endue silica NPs with positive charges. 

Thus the zeta-potentials of different NPs were measured by Zetasizer, using their water 
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dispersions (around 200 µg/ml). The same dispersions were irradiated by UV light, and 

their zeta-potentials were measured again for comparison. 

For NBSNs, their zeta-potentials were also measured with different pH values. The 

solvents with pH = 5, 6, 7, 8, and 9 were obtained in advance by adjusting deionized 

water with diluted HCl or NaOH solution, and then were utilized to disperse NBSNs for 

zeta-potential measurements. All samples with different pH were irradiated by UV light, 

and their zeta-potentials were measured again for comparison. 

4.5.3. Colloidosomes (NBSNC) made of NBSN with opposite charges 

4.5.3.1. Fabrication of NBSNC 

The colloidosomes were fabricated by emulsifying212,218 different types of silica 

nanoparticles. Typically, one equivalent batch of the silica nanoparticles (~2mg dry 

weight) were dispersed in 1 ml water (pH = 8), and this solution was used as continuous 

phase to disperse 50 µl toluene. The o/w mixture was emulsified by probe sonicator with 

cycle=0.9s and amplitude=100%. After 30min, the emulsion was stirred gently (200 rpm) 

for 1h for stabilization. To collect the colloidosomes, the emulsion was centrifuged at 

3000 rpm for 10min, and the obtained solid colloidosomes were rinsed with water for 3 

times. 

Table 5. Formulations of silica nanoparticles for colloidosome preparation. 

Name [a] Nanoparticle 1 Nanoparticle 2 

NBSNC-1+2 [b] NBSN-1 (1mg) NBSN-2 (1mg) 

NBSNC-1 NBSN-1 (2mg) --- [c] 
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NBSNC-2 NBSN-2 (2mg) --- [c] 

SNC SN (1mg) SN-NH2 (1mg) 

[a] The letter “C” in the name differentiated sample names from nanoparticles, only indicating the 

colloidosomes preparation process. It did not always mean the successful formation of colloidosomes. 

[b] NBSNC-1+2 is also the colloidosomes NBSNC discussed. 

[c] No second type of nanoparticles was used. 

4.5.3.2. Morphology of NBSNC 

To confirm the formation of colloidosomes, a water dispersion of product was 

dropped on silica wafer and let drying overnight prior to SEM observation. Noble metal 

coating (Pt, 5mA, 20s) was performed for better conduction of electrons during imaging. 

On SEM images, the assembly of colloidosomes was confirmed as microcapsules with 

shells made of NPs. The water dispersion of colloidosomes was also dropped on copper 

grids for TEM observation. On TEM images, the assembly of colloidosomes was 

confirmed as hollow structure of microcapsules. The size of colloidosome was measured 

by Zetasizer. 

4.5.3.3. Photoreaction of NBSNC 

To observe the disassembly of colloidosomes after light irradiation, aqueous 

dispersion of NBSNC was irradiated by UV light for 10min. This dispersion was then 

dropped and dried on SEM holder for observation. On SEM images, the disassembly of 

colloidosomes was confirmed as disappearance of microcapsules complexes and only 

existence of NPs. 
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4.5.3.4. Loading & release of NR from NBSNC 

To encapsulate NR in the colloidosomes, the dyes were prepared in toluene solution 

(1 mM). This toluene solution containing NR was used as dispersed phase for 

emulsification, and all other settings were the same as former fabrication in section 

4.5.3.1 to obtain NR-loaded colloidosomes. 

The release of NR was performed using the dispersion of dye-loaded colloidosome. 

Based on the fabrication method described above, the colloidosomes emulsion was 

stabilized by mild stirring after sonication. After that, the floating toluene phase 

(containing free dyes) above the solution was removed, and only 500 µl of remaining 

dispersion was collected. Another 3 ml of water were added to the dispersion dropwise 

and slowly under shaking, generating diluted colloidosome emulsion. This dispersion was 

allowed to equilibrate for 5 min before release test. The fluorescent intensity of 

encapsulated NR was monitored by fluorescence spectroscopy (λex = 485 nm, λem = 568 

nm), and recorded at prescheduled time points (every 1 min or 0.5 min). During 

irradiation stages, the sample was put under the same 365nm light treatment, and its 

fluorescent intensity was still recorded at prescheduled time points (every 15 s or 1 min). 

The setup of release tests were illustrated in Figure 56. 

4.5.4. Statistical analysis 

The two-tailed Student's t-test was used to compare data. Results were presented as 

mean ± S.D., and a difference of p < 0.05 was considered statistically significant. 
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Figure 56. Schematic illustration of NR release process from NBSNC emulsion over light 

irradiation. (A) Schematic images of assembled colloidosomes turning to disassembled 

ones. (B) Schematic images of release setup. Over irradiation, colloidosome emulsion 

disassembled and released encapsulated dyes. The inner toluene phase containing dyes 

separated from the medium. (C) Fluorescent intensity of emulsion decreased after 

irradiation. Since the fluorescence came from encapsulated dyes, the decreased intensity 

was considered from released ones. 

Before irradiation After irradiation

A

B

C

Colloidosome emulsion
(Encapsulating Nile red)

Cuvette

Laser beam

Disassembled emulsion
(Releasing Nile red)

Released toluene phase 
(Containing Nile red)

-
+

-
+

-+
-

+-+

-
+

-
+
-
+

- +
-

+ - +

-
+

-
-- -

-
-

- -

- -

-

-

0

200

400

600

800

500 550 600 650

Fl
u

o
re

sc
en

t 
In

te
n

si
ty

Wavelength (nm)

0

200

400

600

800

500 550 600 650

Fl
u

o
re

sc
en

t 
In

te
n

si
ty

Wavelength (nm)



132 

 

4.6. Results & Discussion 

4.6.1. Photo-cleavable o-nitrobenzylakoxysilane NB 

4.6.1.1. Structure of NB 

 

Figure 57. 1H NMR (A) and 13C NMR (B) spectrum of NB. 
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The successful synthesis of NB was confirmed by both 1H NMR and 13C NMR 

spectrum (Figure 57). 1H NMR (CDCl3): δ 8.32 (d, J =  1.4 Hz, 1H), 8.02 (d, J = 2.1 Hz, 

1H), 7.73 (d, J = 10.1 Hz, 1H), 6.88 (m , 1H), 4.06 (s, 2H), 3.80 (m, 12 H), 3.34 (m, 2H), 

2.60 (t, J = 7.1 Hz, 2H), 1.76 (m, 2H), 1.73 (m, 2H), 1.20 (m, 18H), 0.72 (t, J = 9.6 Hz, 

2H), 0.64 (m, 2H). 13C NMR (125.7 MHz, CDCl3): δ 165.0, 148.9, 139.2, 134.8, 131.6, 

131.4, 123.2, 58.7 (3C), 58.5 (3C 0.77), 52.4, 50.6, 42.4, 23.4, 22.8, 18.4 (3C), 18.3 (3C), 

7.9 (2C). 

4.6.1.2. Photoreaction of NB 

Upon irradiation, the nitrobenzyl moiety in NB was cleaved to yield 

aminopropylalkoxysilane and nitrosobenzaldehyde-alkoxysilane (Figure 58A).225-229 The 

photoreaction of NB was first confirmed from its absorbance spectrum (Figure 58B). 

Indeed, during irradiation the cleavage of the amide bond generated a gradual increasing 

broad band at 300-400 nm. Such a behavior is characteristic to the generation of aldehyde 

products.225,227,228 Meanwhile the original peak at 223 nm quickly shifted to 238 nm and 

kept increasing, reflecting the change of functionalities attached to the phenyl rings of the 

precursor. Besides, comparing the increased absorbance (ΔA) with the baseline (A0) at 

350 nm, the absorbance change ΔA/A0 could be used to monitor the completion of the 

photoreaction. Under current conditions, the photocleavage process was found to 

complete within 10 min (Figure 59). Note that, a further photolysis of the resulting 

nitrosobenzaldehyde could be observed if the irradiation was lengthened over 20 min.225 
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Figure 58. Photoreaction of NB. (A) Photo-cleavage reaction of NB generating 

nitrosobenzaldehyde; (B) Absorbance spectrum of NB changed during light irradiation, 

broad peak (300-400 nm) increased indicating the generation of nitrosobenzaldehyde 

(magnified as the insert figure) 

Upon irradiation, the photoreaction generated the products in mixture, but it still 

could be confirmed by 1H NMR since the key methylene was cleaved to aldehyde. On 

spectrum it was presented as the disappearance of characteristic peak of this methylene 

(Figure 60). Meanwhile, the solution of NB tended to be of darker color after irradiation, 

supporting the occurrence of photoreaction. 
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Figure 59. The absorbance of NB at 350nm and 238nm changed over irradiation, 

showing the relative absorbance ΔA/A0 gradually increased. 

 

Figure 60. (A) 1H NMR spectrum of NB. (B) Magnification of 3~4.5 ppm area on 1H 

NMR spectrum of NB before and after irradiation, showing the disappearance of peak 

“e”. This was caused by the photoreaction of NB which consumed the methylene. (C) 

Photographs of NB solution (CDCl3) before and after irradiation, showing the darker 

color after photoreaction. 
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4.6.2. Photosensitive NBSN 

4.6.2.1. Morphology of NBSN 

The silica NPs containing NB were fabricated by precise control of the reaction 

conditions via co-condensation of NB and TEOS with ammonia catalyst. By controlling 

the reaction time over 1 or 2 days, two types of NPs were obtained as NBSN-1 or NBSN-

2, respectively. TEM images revealed that these organosilica NPs were around 100 nm, 

and the morphology and size of NBSN-1 and NBSN-2 were quite similar (Figure 61, 

Figure 62). The nanomaterials were non-aggregated and nearly monodisperse NPs as 

displayed by the narrow size distribution, which was paramount to the colloidosome 

assembly. The NBSN-2 had a slightly smaller size (~10nm, only 7% difference) than 

NBSN-1. With increased reaction time, NBSN-2 had more time to condensate the silanes, 

and this might cause the denser and more compacted silica network. Otherwise, this 

difference could only be attributed to the acceptable error of measuing method. Anyway, 

generally speaking, the morphology and size of NBSN-1 hardly had difference from 

those of NBSN-2. 

The surface of nanoparticles was not smooth, and it could be attributed to the 

incorporation of two different types of silanes. In current base-catalyzed reaction 

condition, the addition of organosilane impacted the hydrolysis of silane species. When 

mixture of TEOS and NB was used, two factors could reduce the crosslinking degree of 

silica network: one was the less functional -OH groups and the other was the possible 

steric effect in organosilane.233 These factors caused the inhomogeneous concentration of 

condensable silanols in solution, and as a consequence, the formation of -Si-O-Si- 
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network might not be homogeneous, resulting rough surface on nanoparticles. In other 

words, considering the more usage of TEOS in the synthesis, the incorporation of 

organosilane NB could be considered as a modification on silica nanoparticles. 

 

Figure 61. Morphology of NBSN-1. (A, B) TEM images; (C) SEM images; (D) Solid 

particle size distribution of NBSN-1, collected by measuring at least 400 NPs on TEM 

images, indicating diameter of 103±25 nm. 
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Figure 62. Morphology of NBSN-2. (A, B) TEM images; (C) SEM image; (D) Solid 

particle size distribution of NBSN-2, collected by measuring at least 400 NPs on TEM 

images, indicating diameter of 90±16 nm. 
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the composition of NB in obtained NPs (Table 6). However, the organic composition in 

NBSN did not always match the ratio of NB in starting silane materials. For instance in 

sample NBSN-1, NB content was 8.88% and absolutely less than the input NB fraction 

(~30%). This indicated the consumption of NB must be less and slower than that of 

TEOS to form NPs. Interestingly, if the reaction time of NBSN increased from 1d to 2d, 

the organic composition in NBSN dramatically increased from 8.88% to 29.6% (sample 

NBSN-2) which was much closer to the starting fraction of NB. Increasing reaction time 

leaded to more NB in the product, and this comparison supported that NB needed more 

time than regular TEOS to attend the formation of NPs. 

Table 6. Calculated organic composition of silica NPs. 

NPs[a] Starting silanes (weight ratio) Organic %wt[b] 

NBSN-1 TEOS:NB = 2:1 8.88 

NBSN-2 TEOS:NB = 2:1 29.6 

SN TEOS --- 

SN-NH2 TEOS:APTES = 2:1 20.5 

[a] NBSN-1: NB-doped silica NPs reacted for 1d; NBSN-2: NB-doped silica NPs reacted for 2d; SN: pure 

silica NPs from TEOS; SN-NH2: amino-functionalized NPs from TEOS and APTES.  

[b] “Organic %wt” is the weight percentage of organosilane (-OEt excluded) in NPs: NBS for NBSN, 

APTES for SN-NH2. It is calculated from N %wt. 

The amount of unhydrolyzed -OEt groups (Extra OEt) could also be estimated by 

calculating the difference between tested composition and known silane structures (Table 

7). This parameter provided another way to prove that organosilane impact the hydrolysis 

of silane species, since the remaining -OEt groups in silane were evidence of not fully 
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hydrolyzed. When comparing this parameter, NBSN-1 had a slight higher ratio (0.165 

mmol/g) of unhydrolyzed -OEt groups than SN (0.159 mmol/g) due to the presence of 

NB, while NBSN-2 further increased this ratio to 0.703 mmol/g due to the much more 

NB it contained. In other words, the higher composition of NB in NPs corresponded to 

the higher percentage of unhydrolyzed -OEt groups, indicating that organosilane NBS 

lowered the hydrolyzation of silane species. Analogously, in another control group of 

SN-NH2, the incorporation of APTES also generated a higher level of unhydrolyzed -OEt 

groups than SN did, showing that organosilane APTES also impacted the full 

hydrolyzation of silane. 

Table 7. Elemental analysis of silica NPs. 

Nanoparticles[a] N %wt C %wt H %wt 

C:N mol 

ratio 

(tested) 

C:N mol 

ratio [b] 

(silane) 

Extra 

OEt [c] 

(mmol/g) 

Amine 

contents 
[d] 

(mmol/g) 

NBSN-1 1.120 4.877 2.306 5.08 14:3 0.165 0.267 

NBSN-2 3.728 16.599 8.419 5.19 14:3 0.703 0.888 

SN 0.047 0.383 1.479 --- --- 0.159 --- 

SN-NH2 3.342 10.292 3.287 3.59 3:1 0.708 2.387 

[a] NBSN-1: NB-doped silica NPs reacted for 1d; NBSN-2: NB-doped silica NPs reacted for 2d; SN: pure 

silica NPs from TEOS; SN-NH2: amino-functionalized NPs from TEOS and APTES. 

[b] The numbers of C and N were counted in organosilane molecules (-OEt groups were excluded). 

[c] “Extra OEt” is the amount of remaining unhydrolyzed -OEt groups in nanoparticles, predicted from the 

difference between tested composition and original silane. 

[d] “Amine contents” is the amount of amine group per gram of nanoparticles. For NBS it stood for the -

NH-, for APTES it was -NH2. 

Then the NBSN were compared with SN-NH2 which also included positively 
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charged amine species. When considering the amine contents in silica NPs, two types of 

NBSN contained less than SN-NH2 (Table 7), though they used same weight ratio of 

amino-silane (NB for NBSN and APTES for SN-NH2) for synthesis. This was reasonable 

and right. Only one amine group exists in one molecule of NB or APTES, and the 

molecular weight of NB is much bigger than APTES. Thus given the same weight of 

organosilane used, the usage of NB could introduce much less amine groups than APTES 

did. Furthermore, it could be reasonably predicted that NBSN would present less positive 

charge than SN-NH2 did. 

4.6.2.3. Photoreaction of NBSN 

Before checking the photoreaction of NBSN, the existence of NB in silica NPs was 

verified by UV/Vis spectroscopy. On the absorbance spectrum, SN and SN-NH2 had no 

specific peaks in the range from 200 to 500 nm, while NBSN presented the characteristic 

peaks of NB, indicating the existence of the photosensitive components (Figure 63). 

Meanwhile, the absorbance peak of NB in NBSN-2 was higher than that in NBSN-1, 

suggesting again that more NB content existed in NBSN-2 which took more reaction time. 

The photoreaction of NB in NBSN was maintained, as the absorbance spectrum of 

both NBSNs presented the same behavior after NPs were irradiated (Figure 64). The 

NBSN was dispersed in water and treated with light, and the absorbance was recorded by 

UV/Vis spectroscopy. Similar to the spectrum of NB solution, broad peak increased at 

300-400 nm, indicating the occurrence of photoreaction in NPs. 
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Figure 63. Absorbance spectra of different silica NPs. The characteristic peak of NB was 

observed in NBSNs, and NBSN-2 had clear more NB content than NBSN-1. 

 

Figure 64. Absorbance spectra of NBSN-1 (A) and NBSN-2 (B) showing the occurrence 
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of photoreaction. 

The photoreaction influenced little change on the morphology observation of NBSNs, 

since only the organic silica was degraded during the irradiation and the main inorganic 

silica was still intact. However, the hydrodynamic size of NPs was indeed changed after 

irradiation, which was shown in Figure 65. 

For NBSN-1, the hydrodynamic diameter changed from original 150.9 nm to 115.3 

nm after irradiation. As nanoparticles, NBSN-1 had a slight aggregation in solution 

(Figure 65A, red line), but they dispersed better after irradiation (green line). This was 

due to the increased charge repulsion among nanoparticles, which came from the more 

negative charge generated after photoreaction (See section 4.6.2.4 for the explanation of 

particle charges). Without aggregation, the diameter of nanoparticles was smaller than 

before light treatment. Notice that the distribution was more narrow after irradiation, and 

that the diameter of main peak in distribution also decreased, which suggested the 

decomposition occurred in nanoparticles due to the photo-cleavage of silica networks. 

For NBSN-2, the original nanoparticles (137.8 nm) still had a slight aggregation in 

solution (Figure 65B, red line), but they turned to generate more aggregates after 

irradiation (green line). This was attributed to the increased electrostatic interaction 

among nanoparticles, which existed between original NBSN-2 (positive charge) and 

those already underwent photoreaction (negative charge) (See section 4.6.2.4 for the 

explanation of particle charges). 
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Figure 65. The hydrodynamic size distribution of NBSN-1 (A) and NBSN-2 (B) changed 

after irradiation. (red line = before irradiation, green line = after irradiation); 

4.6.2.4. Zeta-potential of silica NPs 

The incorporation of NB could not only bring organic components in NPs, but also 

adjusting the net charge of silica NPs, since the secondary amino group in NB ensured a 

positive charge which was opposite to the negative one on regular pure silica NPs. In fact, 

this assumption was supported by comparing the Zeta-potential of different silica NPs 

(Figure 66). While SN had much negative potential of -81.1±9.6 mV, NBSN-1 was less 

negative at -51.7±8.6 mV. The presence of NB to some extents neutralized the negative 

charge from -Si-O- surface, lowering the negative potential. Moreover, when content of 
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NB increased further in the NPs (NBSN-2), the potential interestingly moved to positive 

range (+15.3±5.4 mV). These comparisons established a trend that more NB added in 

NPs could turn the potential to more positive. Note that in Table 6 the the Organic %wt 

of NBSN-2 was at the same level with SN-NH2, it suggested the mole content of amine in 

NBSN-2 was much lower than that in SN-NH2 (Table 7), since molecular weight of NB 

was two times bigger than APTES. This could explain why the positive charge of NBSN-

2 was smaller than SN-NH2, which was predicted correctly before. 

 

Figure 66. Zeta-potential of different silica NPs, showing NB increasing positive charge 

of silica NPs. 

The photo-cleavage of NB also changed the surface charge of NBSN as expected. 

Upon 10min of light treatment, NBSN-1 became more negative potential (-81.3±10.4 mV, 

p<<0.001) which was at similar level to that of SN; NBSN-2 even reversed its positive 

potential to much negative (-62.4±8.0 mV, p<<0.001) (Figure 67). As comparison, SN 

and SN-NH2 kept their potential at the same negative or positive levels, respectively 

(p>0.05 for both). Therefore the charge change of NBSN after light treatment must result 
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from their photoreaction. The photoreaction generated primary amine (same as APTES), 

but NPs still presented negative charge after irradiation. Three aspects were considered to 

explain this phenomenon. First, the generated amine base strength was closed to the 

original NB (estimated by ChemBioDraw), thus it should had not impacted the surface 

charge too much. Second, even if all NB was cleaved during photoreaction, the mole 

content of generated amine were still much smaller compared to positively charged SN-

NH2 (Table 7). The negative charge might come from other component in NBSNs. Third, 

the main component of NBSN was inorganic silica rather than NB. During light treatment, 

NB was cleaved to cause the slight degradation and relaxation of silica network. This 

decomposition could be reflected by the obvious decrease of hydrodynamic particle 

diameter (Figure 65).234-236 Due to this decomposition, the surficial organosilica network 

could not be intact after irradiation, and therefore more inorganic silica components 

would be exposed to provide negative charge for NPs. 

 

Figure 67. Zeta-potential changes of different silica NPs after irradiation for 10min. 
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reversion, while pure silica NPs (SN) and amino-functionalized NPs (SN-NH2) 

maintained their original charges. For all groups n=3. 

To better support the charge change of NBSN, the zeta-potentials of NPs with 

different pH values were measured (Figure 68). For NBSN-2, since the positive charge 

came from the amine group of NB, a lower pH environment could facilitate the 

protonation of amine group and increase the positive charge of NPs. In tested range of pH 

= 5~9, NBSN-2 maintained positively charged, which was good for the later fabrication 

of colloidosomes. After irradiation, NBSN-2 became much negative under all tested pH 

values, suggesting the photoreaction of NB could occurr regardless of pH values. For 

NBSN-1, the zeta-potential was more stable when pH varied. With less NB content in 

NBSN-1, the charge of NPs seemed less sensitive to the protonation of amine groups. Of 

course, the photoreaction in NBSN-1 also happened as the charge turned to be more 

negative. 

 

Figure 68. Zeta potential of NBSN-1 and NBSN-2 in different pH solution before (A) and 

after (B) light irradiation. 
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4.6.3. Photosensitive NBSNC 

4.6.3.1. Morphology of colloidosomes 

Using NBSN-1 and NBSN-2 as building blocks with opposite charges, 

colloidosomes (NBSNC) were well assembled from o/w emulsion without further 

crosslinking. Most of the colloidosomes had diameter of <1µm (Figure 69, Figure 70). 

The hollow structure of these capsules could also be seen in a few cases (Figure 70 E). 

 

Figure 69. Size distribution of colloidosomes NBSNC measured by Zetasizer. Z-average 

d = 551.9 nm, PdI = 0.362. 

The formation of these colloidosomes was determined by two factors: electrostatic 

locking and partial wettability of silica NPs. On the one hand, if only single type of 

charges existed, the NPs could not form efficient electrostatic interaction between them, 

and no stable colloidosomes were observed when only positive (NBSN-2) or negative 

silica NPs (NBSN-1) were used in fabrication (Figure 71 A, B). On the other hand, if no 

organosilane was used to provide partial hydrophobicity for NPs, these building blocks 

could not stably assemble at the o/w interface, and the combined usage of hydrophilic SN 

and SN-NH2 could not result in stable capsules (Figure 71 C), even they had both positive 

and negative charges for locking. 
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Figure 70. Electron microscopy images of colloidosomes (NBSNC) which were 

assembled from o/w emulsion without further crosslinking. (A-D) SEM images of stable 

NBSNC; (D) Overview of colloidosomes; (E) SEM image showing hollow capsule of 

NBSNC; (F) TEM image of stable NBSNC.  

500 nm

500 nm

500 nm

3 µm

-
+
-
+

-+
-

+-+

-
+

-
+
-
+

- +
-

+ - +

-
+

C

A

D

B

E F

10 µm



150 

 

 

Figure 71. SEM images of NBSNC-1 (A), NBSNC-2 (B), and SNC (C) samples. No clear 

colloidosomes were observed in these samples. A2, B2 and C2 are magnification of A1, 

B1 and C1, respectively. 
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4.6.3.2. Photoreaction of NBSNC 

 

Figure 72. SEM images of NBSNC assembled before irradiation (A), and disassembly 

after irradiation (B). 

Since the colloidosomes were assembled through electrostatic interaction of silica 
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two types of NBSN possessed negative charge after illumination, and this light-induced 

change was supposed to increase the repulsion between NPs which built up 

colloidosomes. As a result, the hollow capsules NBSNC turned to be unstable and 

disassembled after light treatment (Figure 72). From SEM observation it was obvious that 

the NBSNC no longer existed after irradiation. 

4.6.3.3. Release profile of NR from NBSNC 

Before doing the release tests of NR from NBSNC, the Nile red solution was directly 

irradiated under current light treatment conditions to examine the influence of bleaching 

(Figure 73). The fluorescent intensity changed little over 30 min of irradiation by 365nm 

light. The intensity changing levels was -0.7% at 10 min, -2.2% at 20 min, -2.0% at 30 

min, respectively. The whole data located within the range of 100 ± 2.5%, indicating no 

significant decrease of intensity over 30 min of irradiation. Specially, only 10 min of light 

treatment was utilized in current work, therefore the issue of bleaching could be ignored, 

and it could not impact the release result. 

 

Figure 73. The fluorescent intensity of Nile red changed little during 30min or light 
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treatment. The two horizontal red line indicate the 100±2.5% level of change. 

 

Figure 74. Light-induced release of encapsulated NR from colloidosomes. When light 

was off (stage I and III), the colloidosomes were stable enough to encapsulate NR and to 

disperse the dye in release medium. When light was on (stage II and IV), the 

colloidosomes became unstable and disassembled to release the cargo. The inserted 

schemes show the intact colloidosomes encapsulating dyes (left) and the disassembled 

colloidosomes releasing dyes (right). 

The light-induced disassembly was applied to trigger the release of cargo from the 

colloidosomes (Figure 74). An oil-soluble dye NR was encapsulated in colloidosomes, 

and the encapsulation was stable enough to load and disperse the dyes in aqueous 

solution. However, when light was illuminating upon the dispersion, the colloidosome 

became unstable due to the photoreaction, which leaded to the dissociation of capsules 

and the release of dyes. Since the contents of encapsulated or dispersed dye decreased, its 
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fluorescent intensity significantly declined. The release of cargos was therefore impacted 

by the degree of photoreaction. After 5 min of irradiation (stage II), NR was released by 

55%, and the remaining dyes were still dispersed well when light was turned off (stage 

III). These dyes were released further by 23% when illumination was turned on again. 

Therefore, totally around 78% of encapsulated dyes could be released in current 

experimental conditions. According to previous tests, it could be sure that the declination 

of fluorescent intensity came from the release of dyes rather than the photo-induced 

bleaching. 

4.7. Conclusion 

In this project, a successful fabrication of silica colloidosomes based on locking NPs 

by the electrostatic interaction was demonstrated. By incorporating NB, the surficial 

charge of silica NPs could be adjusted to either negative or positive, which was the basis 

to assamble colloidosomes without additional crosslinking. Moreover, due to the 

photocleavage of NB, these charges could be further turned by light irradiation to be 

more negative. The obtained colloidosomes were consequently disassembled upon trigger 

of light due to the increased repulsion between NPs. Moreover, it was shown that the 

light-induced disassembly of capsules could be applied to trigger the release of 

encapsulated cargo. Therefore, this work provides a versatile design and facile method to 

perform microencapsulation by colloidosomes, as well as the light-triggered disassembly 

of capsules for controlled release applications. 
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Chapter 5.  Summary and Perspective 

In this dissertation, three different stimuli-responsive systems for controlled release 

of agents were discussed. The first one (Chapter 2) studied composite polymeric films 

and their photo-response for light-tunable diffusion. Based on the photo-dimerization of 

cinnamic polymers which generated more crosslinks, the membranes presented 

decreasing diffusion ability upon light irradiation. Then the response range of films was 

expanded to thermo-response, and another analogous membrane system (Chapter 3) was 

studied for heat-tunable diffusion; the mass transport through membranes could be 

significantly increase upon shrinking the embedded hydrogels after heating. The third 

system (Chapter 4) was studied as inorganic microcapsules and their photo-responsive 

dissociation ability for controlled release. The disassembly of microcapsules was 

influenced by the charge reversion of nanoparticles, which came from the light-induced 

cleavage of organic silica network to exposure inorganic silica. 

From the aspect of stimuli-response, this work mainly focus on the external stimuli 

(light or external heating) instead of internal ones (pH, enzyme, redox or body 

temperature). Although controlled systems seem to be more smart or preferable if they 

could be responsive to internal triggers, these systems are too ideal to implement. This is 

due to the complicated physiological environments in biological systems which changes 

all the time. Any controlled release system might be smart enough in vitro when facing 

artifical pH or enzyme signals, but be blind when facing real biological internal signals. 

On the contrary, controlled systems might be more reliable to trigger if their functions are 



156 

 

based on stable external signals. Therefore, the response to external stimuli can endue the 

controlled systems with release patterns more on demand. 

From the aspect of pharmaceutical formulations, these work exemplify membrane 

systems at different size levels, including macro-scale films and nano-scale 

microcapsules. These membrane systems are typically and widely used in pharmaceutical 

industry or academic research to provide supporting, separation, or coating abilities.237-240 

In fact, functional membrane materials have been applied in different dosage forms or 

devices, such as capsules,241,242 tablets243,244 and implants,245,246 and their desired 

bioactive functions have far exceeded the application of controlled or sustained release, 

included such as taste masking, protection of unstable components, organ targeting, and 

antimicrobial or immune biofunctions. All these functions are based on the delicate 

controlling of membrane permeability,247 which depends on the composition of 

membranes and their response to specific stimuli. 

Preparing new types of carriers for applications ranging from drug delivery to self-

healing has been the focus of many research groups. The challenge is to prepare smart 

materials that can load and release agents on demand. By using different self-assembly 

techniques, different stimuli-responsive motifs can be produced and incorporated to 

provide smart membranes, coatings or capsules. Through decades of researching, 

nowadays is the best era when multiple disciplines have been well developed, including 

material science, engineering, pharmaceutical science and medicine. Numerous research 

work have been appearing and will be emerging to pave the way of human’s pursuit of 

better biomedical therapies. Along the path laid is unpredicted hardship and frustration, 
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and the study on stimuli-responsive materials is absolutely one of the sharpest swords to 

break through bramble and thistle. 
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APPENDICES 

1 Supporting experimental work 

In the following section 1.1 to 1.3 described are the calibration conditions of 

different molecules used in previous chapters. Some abbreviations are used in general: 

 λmax: The wavelength at which spectrum presents maximum absorbance or 

intensity. 

 λex: The excitation wavelength used in fluorescence spectroscopy. 

 λem: The emission wavelength monitored in fluorescence spectroscopy. 

 Conc., C: Concentration of studied molecules. 

 Abs, A: Absorbance value on UV/Vis absorbance spectrum. 

 I: Intensity value on fluorescence spectrum. 

In the following section 1.4 described is the fabrication of silica nanoparticles with 

different sizes as additional information for Chapter 4. It provided more building block 

NPs for other potential colloidosomes-related work. 

1.1 Calibration of RhB using UV/Vis spectroscopy 

RhB was used in various tests as cargos to simulate intereasted molecules. To 

quantificate the concentration of RhB in these tests, calibration of the dye was established 

using UV/Vis spectroscopy.  

In water solution, RhB presented characteristic peak in range of 450~600 nm with 

λmax = 554 nm. Using the absorbance at λmax, linear relationship was established between 
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absorbance and concentration of RhB (Figure 75). The calibration was C = 4.568 × A (R2 

= 0.9997), working range was C = 0.05~5 µg/ml. 

 

Figure 75. Typical absorbance spectrum of RhB (A) and its calibration curve at 0.05~5 

µg/ml (B). 

1.2 Calibration of RhB using fluorescence spectroscopy 

In some cases RhB of lower concentration was studied. Other calibrations of RhB 

were established using fluorescence spectroscopy. Two different calibration curves were 

obtained and used in two concentration ranges (Figure 76), in case when trace 

concentration of RhB was interested. 

Calibration 1: C = 0.0003 × I2 + 0.7137 × I (R2 = 0.9996), working range was C = 

50~1000 ng/ml. λex = 554 nm, λem = 576 nm, slits = 5 nm, detector voltage = 550 V.  

Calibration 2: C = 0.0534 × I (R2 = 0.9958), working range was C = 2~50 ng/ml. λex 

= 554 nm, λem = 576 nm, slits = 5 nm, detector voltage = 740 V.  
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Figure 76. Typical fluorescence spectrum of RhB (A) and its calibration curves at 

50~1000 ng/ml (B) or 2~50 ng/ml (C). 

1.3 Calibration of NR using fluorescence spectroscopy 

NR was used in some tests as cargos to simulate intereasted molecules. Its 

quantification was achieved based on calibration through fluorescence spectroscopy. 

In toluene solution, NR presented fluorescence peak at 568 nm when excited at 485 

nm. Using this fluorescent intensity two calibrations were established in two different 

concentration ranges (Figure 77), in case when trace concentration of NR was interested. 

Calibration 1: C = 1.1519 × I1.0284 (R2 = 1), working range was C = 62.5~1000nM. 

λex = 485 nm, λem = 568 nm, slits = 5 nm, detector voltage = 670 V. 
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Calibration 2: C = 0.0025 × I2 + 1.1739 × I (R2 = 0.9997), working range was C = 

2~62.5 nM. λex = 485 nm, λem = 568 nm, slits = 5 nm, detector voltage = 670 V. 

 

 

Figure 77. Typical fluorescence spectrum of NR (A) and its calibration curves at 

62.5~1000 nM (B) or 2~62.5 nM (C). 

1.4 NBSN with different sizes 

In the work of colloidosomes (Chapter 4), NBSN was ever prepared with different 

sizes. The obtained NPs could be considered as supporting for other or future work 

related to silica materials. By adjusting the formulation during hydrolysis of silanes 
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later for NBSN-1 described in Chapter 4. Then the morphology of NPs was confirmed by 

SEM and Zetasiser. 

Table 8. Formulations of different NBSNs. 

 Ethanol (µl) H2O (µl) 
Ammonia (28%, 

µl) 
TEOS (mg) 

NBS/Ethanol 
(mg/µl) [a] 

A 900 360 60 20 10/100 
B 950 360 60 10 5/50 
C 950 360 50 10 5/50 
D 950 360 40 10 5/50 

[a] Organosilane solution was mixed with TEOS prior to adding to reaction mixture. 

 

Figure 78. SEM images of NBSN with 4 different formulations, showing the particle size 

decrease from A to D. 
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Figure 79. Size distribution of NBSN with 4 formulations. The data was collected by 

measuring 500 particles on different SEM images (magnification=300000×) for each 

formulation. 

Table 9. Solid particle size, hydrodynamic size and zeta-potential of NBSNs. 

 
Solid particle size 

(nm) [a] 

DLS Zetasizer 

Z-average diameter (nm) PDI Z-potential (mV) 

A 97.1 ± 16.8 160.2 0.135 -26.5 

B 73.1 ± 12.9 125.4 0.101 -51.3 

C 56.5 ± 9.2 190.4 [b] 0.385 -1.08 

D 35.7 ± 6.8 303.1 [b] 0.264 +11.5 

[a]: Diameter is mean value of 500 particles on different SEM images (magnification=300000×). 

[b]: Big diameter indicates agglomeration of NPs during tests. 

Through morphology observation, it was clarified that the composition of several 

starting materials is critical and sensitive to generate tiny silica NPs (<100nm, <50nm or 
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even <20nm). As shown in Figure 78 and Figure 79, NBSN with different formulations 

were of significant difference on particle sizes. The solid particle sizes were presented in 

Table 9 together with other data measured by DLS Zetasizer. The hydrodynamic 

diameter was bigger than solid one, one reason was the exsitance of hydration layer 

around NPs in solution, and another reason was the slight swelling of NPs in water. Both 

of these facts have been discussed in section 4.6.2.3. Form methodology, since their 

measuing methods are different, the hydrodynamic diameter is not always exactly equal 

to the solid one. 

Another interesting finding was the zeta-potential changed when particle size 

decreased. Compared with formulation A and B which were much negatively charged, 

formulation C had almost neutral potential and smaller size, and formulation D even 

presented positve charge and smallest particle size. This trend seemed to indicate a 

relationship between particle size and surficial charge, which might be influenced by the 

curvature and chemical composition on particle surface as well as the kinetics of 

hydrolysis reaction. These researches will extend to multiple disciplines and 

unfortunately exceed current research plan, but it can be advanced topic in material 

reasearch and future work if detailed work were performed. 

2 Publish states of research work 

The research work and contents described in this dissertation was published or in the 

publishing process to different journals. 

“Chapter 1. Introduction” includes some contents published in: 
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Li, S.; Li, W.; Khashab Niveen, M., Stimuli responsive nanomaterials for controlled 

release applications. In Nanotechnology Reviews, 2012; Vol. 1, p 493. 

“Chapter 2. Photo-Responsive Composite Membranes Based on Inter-Particle 

Crosslinking of Poly(Hydroxycinnamic Acid) for Controlling Diffusion” has been 

published as: 

Li, S.; Moosa, B.; Chen, Y.; Li, W.; Khashab, N. M. A photo-tunable membrane 

based on inter-particle crosslinking for decreasing diffusion rates. Journal of Materials 

Chemistry B 2015, 3 (7), 1208-1216.. 

“Chapter 3. Thermo-Responsive Composite Membrane Embedding Poly(N-

Isopropylacrylamide) Hydrogel for Controlling Diffusion” is part of a submitted paper: 

Zaher, A.; Li, S.; Wolf, K. T.; Pirmoradi, F. N.; Yassine, O.; Lin, L.; Khashab, N. M.; 

Kosel, J. Magnetically triggered nanocomposite membrane for the control of an 

osmotically powered drug delivery device. Lab on a Chip 2015, submitted. 

“Chapter 4. Photo-responsive assembly/disassembly of microcapsules based on 

electrostatic interaction of oppositely charged silica nanoparticles” is an accepted paper: 

Li, S.; Moosa, B.; Crossant, J.; Khashab, N. M. Electrostatic assembly/disassembly 

of nanoscaled colloidosomes for light-triggered cargo release. Angew. Chem. Int. Ed. 

2015, DOI: 10.1002/anie.201501615R1. 
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