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ABSTRACT OF THE DISSERTATION 

 

Synthesis and Study of Polymers Designed for Controlled Degradation with Light as a 
Trigger 

 

by 

 

Jason Edward Olejniczak 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2016 

 

Professor Adah Almutairi, Chair 
Professor Jerry Yang, Co-Chair 

 

 Light is an ideal stimulus to externally control the properties of materials for 

many applications. Light is able to initiate chemical reactions largely independent of a 

material’s local environment making it particularly useful as a bio-orthogonal and on-

demand trigger in living systems.  The benefits of light as a trigger are diminished by 

various drawbacks of its use. Light of relatively short wavelengths, in the UV range, is
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 most commonly used to initiate chemistries. This is because UV light has high energy, 

enough to affect bonds in molecules. But this high energy causes problems in off target 

effects. Many biological molecules are able to absorb and be modified detrimentally by 

UV light, limiting the use of UV light in biological systems. The problems of UV light 

for release in biological systems can be potentially overcome in various ways and this 

dissertation will describe two main strategies. In the first chapter the use of long 

wavelength responsive polymers will be described. These materials are intended for the 

encapsulation of a payload in a polymeric nanoparticle which can degrade and release in 

response to two-photon absorption of near-infrared light. This long wavelength light is 

absorbed by far fewer biological molecules and so can penetrate deeper through tissue 

than UV light while also causing less damage. Another method to mitigate the damaging 

effects of UV light is by using a material that requires less of a stimulus to release. These 

materials use UV light to trigger release but are designed to need minimal amounts of 

light. The polymers described with these properties, a poly(α-hydroxyl acid) in chapter 2 

and a polyketal in chapter 3, are intriguing novel polymer backbones on their own and 

could be applied with appropriate triggering groups to respond to different stimuli.



 
 

1 
 

Introduction 

Photocontrolled Release Using One-Photon Absorption of Visible or NIR Light 

 

I. Abstract 

Light is an excellent means to externally control the properties of materials and 

small molecules for many applications. Light’s ability to initiate chemistries largely 

independent of a material’s local environment makes it particularly useful as a bio-

orthogonal and on-demand trigger in living systems. Materials responsive to UV light are 

widely reported in the literature; however, UV light has substantial limitations for in vitro 

and in vivo applications. Many biological molecules absorb these energetic wavelengths 

directly, not only preventing substantial tissue penetration but also causing detrimental 

photochemical reactions. The more innocuous nature of long-wavelength light (> 400 

nm) and its ability at longer wavelengths (600-950 nm) to effectively penetrate tissues is 

ideal for biological applications. Multi-photon processes (e.g. two-photon excitation and 

upconversion) using longer wavelength light, often in the near-infrared (NIR) range, have 

been proposed as a means of avoiding the negative characteristics of UV light. However, 

high-power focused laser light and long irradiation times are often required to initiate 

photorelease using these inefficient non-linear optical methods, limiting their in vivo use 

in mammalian tissues where NIR light is readily scattered. The development of materials 

that efficiently convert a single photon of long-wavelength light to chemical change is a 

viable solution to achieve in vivo photorelease. However, to date only a few such 
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materials have been reported. Here we review current technologies for photo-regulated 

release using photoactive organic materials that directly absorb visible and NIR light. 

 

II. Introduction 

Light is widely employed as a triggering stimulus to release bioactive effectors 

from small molecules1-4 and nanomaterials5-7. Because light can be externally applied and 

easily tuned to a desired wavelength and power, it provides excellent spatial and temporal 

control over photoactive systems.7-12 Light’s ability to activate chemistries on-demand 

independently of biological environments provides an enhanced level of control 

compared to chemical systems that are activated by biological cues such as pH13-18, 

oxidative environment19-24 and enzymes.25-27 The great potential of light for controlled 

release has direct applications for drug delivery.5-7 A majority of platforms for light-

controlled drug delivery employ nanocarriers as they offer advantages over photocaged 

molecules, including protection of the payload from degradation and from off-target 

interactions.28-30 

Most materials capable of photorelease described in the literature rely on one-

photon excitation by UV light, primarily due to the prevalence and synthetic accessibility 

of photoactive chromophores with direct absorption of these wavelengths.31-41 UV light 

has sufficient energy to break,33,34 isomerize, and rearrange42 a variety of molecules. 

However, although the photochemistry is often rapid and efficient, many endogenous 

molecules both absorb and are degraded by UV light; the resulting damage and poor 

penetration limit the in vivo applicability of such materials. The wavelength range with 

the best tissue penetration is between 600 and 950 nm (Figure 0.1),43,44 commonly 
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referred to as the near-infrared (NIR) window, although 600-750 nm is visible light. 

Though shorter wavelength visible light (400-600 nm) has lower tissue penetration than 

that in the NIR window, it is still less damaging than UV. Wavelengths between 600 and 

950 nm penetrate biological tissues well because the abundant endogenous chromophores 

heme, melanin, and water do not appreciably absorb them. However, there are very few 

known photoresponsive chromophores capable of bond cleavage or isomerization that 

absorb this low energy light directly. To overcome this challenge and still utilize NIR to 

break, isomerize and rearrange molecules, non-linear optical phenomena such as two-

photon excitation45,46 and NIR-to-UV upconversion47,48 have been developed and utilized. 

However, these non-linear optical reactions are quite inefficient and require high-power, 

focused lasers to occur at an appreciable rate. This prerequisite limits the practical use of 

such photoactive systems for in vivo applications because mammalian tissue scatters and 

defocuses NIR laser light, leading to a decreased power density. 

Photochemistry such as bond cleavage, isomerization, and rearrangement 

triggered by one-photon excitation is often very fast and efficient. By developing new 

longer-wavelength absorbing chromophores and utilizing and improving existing 

photoactive chromophores with direct visible and NIR light absorption, many of the 

problems associated with UV light (non-specific reactivity and poor penetration depth) 

and non-linear excitation with NIR light (high-power and inefficiency) can be overcome. 

For example, photodynamic therapy, in which long-wavelength-absorbing 

photosensitizers convert triplet oxygen into cytotoxic singlet oxygen upon irradiation, has 

a long history in oncological and dermatological practice.49,50 Controlled photorelease of 

more complex bioactive effectors in vivo using long wavelength light may prove very 
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useful in healthcare and in basic research. Molecules and materials sensitive to one-

photon absorption of visible or NIR light may be used to treat disease, create 

photodegradable scaffolds for tissue engineering, and gain a better understanding of 

fundamental biological processes. 

However, the array of long-wavelength one-photon-absorbing light-responsive 

materials and molecules capable of releasing molecules is rather limited. Here we review 

the current state of one-photon visible and NIR light-absorbing materials, the photoactive 

moieties they employ, and their application to light-triggered release. The photoactive 

organic materials and molecules described in this review rely primarily on three 

mechanisms of photoreactivity: covalent bond cleavage, isomerization, and photo-

induced energy conversion (i.e. singlet oxygen generation for subsequent bond cleavage, 

photothermal effects and energy transfer), or a combination thereof. All mechanisms can 

be used to substantially change the properties of a material to trigger release using low 

power visible or NIR light. The review is divided into two parts: a review of one-photon 

visible/NIR photoactive materials with a focus on their applications in drug delivery and 

a review of promising one-photon visible/NIR photoactive molecules whose potential for 

light-triggered release has not yet been fully explored. The review does not cover 

photothermal effects by inorganic materials, such as gold nanoparticles, which have been 

reviewed extensively elsewhere.51-53 
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Figure 0.1. The penetration depth of excitation light through rat skin (δ and 3δ are the 
depths at which the intensity of light is reduced to 37% and 5% respectively). The inset 
shows the decrease in light intensity with increasing penetration depth through skin. 
Reproduced from Ref 43 with permission of The Royal Society of Chemistry. 
 

III. Bond cleavage mechanisms 

Molecules that cleave covalent bonds in response to light, commonly referred to 

as photocages,2,3 make up the most diverse class of photoresponsive materials. Breaking 

chemical bonds can cause drastic changes in a material, making it an ideal mechanism for 

initiating release of active biological effectors or small molecules from a delivery vehicle. 

Photocages can be used in many ways to create materials capable of light-triggered 

release. The most direct method of initiating release from nanomaterials is to attach the 

payload covalently to the photocage that in turn is attached to a nanomaterial, or the 

conjugate can be formulated into nanoparticles.54-56 Other methods of releasing 

encapsulated payloads use photoresponsive polymeric materials that undergo a physical 

change upon irradiation, such as a hydrophobic to hydrophilic switch or polymer 
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scission.57-59 In this section we review materials that employ photocages to respond to 

one photon of visible or NIR light.  

Amino-coumarin photocage based materials  

One of the most well-known visible light-absorbing photocages is the amino-

coumarin family. These photocages have a conjugated push-pull architecture enabling 

them to absorb visible light (< 450 nm).60 Since the coumarin family undergoes a 

photosolvolysis mechanism upon irradiation, the internal microenvironment of materials 

utilizing these photocages requires access to a nucleophile (typically water) to efficiently 

cleave with light.61 This prerequisite has to be accounted for in the design of 

photoresponsive materials utilizing coumarin photocages.    

Lin et al. directly attach chlorambucil to the dialkyl amino-coumarin photocage, 

which was functionalized for attachment to mesoporous silica nanoparticles.54 

Chlorambucil was released from the nanoparticles with visible light (420 nm light, 10 

mWcm-2); 97 % of the drug was released in 3 h of irradiation, as determined by HPLC. 

This study showcases the advantage of visible light to photorelease sensitive drugs, since 

chlorambucil rapidly degrades upon UV irradiation.62 The mesoporous silica 

nanoparticles were endocytosed by both MCF-7 and HeLa cancer cells. Cell death was 

higher in cells incubated with drug-loaded mesoporous silica nanoparticles and irradiated 

than in cells treated with chlorambucil alone, presumably due to the increased cellular 

uptake of the mesoporous silica nanoparticles. Mesoporous silica nanoparticles without 

drug were well tolerated by the cells under the same irradiation conditions.  

Later work by Lin et al. was aimed at gaining more site-specific control and 

limiting unintentional photorelease.55 To achieve this goal, they employed a tri-
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functionalized (polymer-quencher-drug) amino-coumarin photocage functionalized with 

a nitroimidazole quencher (Figure 0.2). In aerobic environments, the electron-accepting 

nitro group of the quencher relaxes the photoexcited coumarin via photoinduced electron 

transfer, preventing photocleavage and release of the drug (etoposide). In the hypoxic 

environment of solid tumors, the nitro group is reduced to an amine, allowing 

photocleavage. The phototrigger was attached to glycol chitosan, which self-assembled 

into micelles. Photorelease of etoposide from the micelles was monitored by HPLC and 

only observed under reducing conditions.   

 

Figure 0.2. Hypoxia-gated release of etoposide from an amino-coumarin.55 Reproduced  
from Ref 55 with permission of John Wiley and Sons. 
 

Ji et al. made use of an alternative mechanism of release by employing a 

hydrophobic to hydrophilic switch using hollow mesoporous silica nanoparticles coated 

with an amphiphilic amino-coumarin functionalized polymer (Figure 0.3).57 The hollow 

mesoporous silica nanoparticles were functionalized with octadecyl chains to give them a 
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hydrophobic coat, and loaded with doxorubicin. The particles were subsequently coated 

with a tri-block copolymer with a hydrophobic block of di-dodecane amino-coumarin 

that associates with the octadecyl coating of the nanoparticles. Upon irradiation the 

coumarin photocage is cleaved from the polymer, exposing carboxylic acids, rendering it 

hydrophilic. The polymer then dissociates from the particles, opening its pores and 

allowing the escape of the doxorubicin payload. The authors choose to focus on the two-

photon NIR responsiveness of their system and do not take advantage of its visible light 

sensitivity.  

 

 



9 
 

 
 

 

Figure 0.3. Irradiation of DOX-loaded hollow mesoporous nanoparticles releases the 
drug.57 Reproduced from 57 with permission of The Royal Society of Chemistry. 

 

Micelles can also be used to encapsulate and release a payload by a photoinduced 

hydrophobic to hydrophilic switch. Babin et al. used this method with an amino-

coumarin functionalized di-block copolymer to photorelease Nile red from micelles.59 

The di-block copolymer was composed of a polyethylene glycol hydrophilic block and a 

hydrophobic block of poly(methacrylic acid) esterified with amino-coumarin. Upon 

irradiation with UV light (365 nm, 500 mWcm-2), the fluorescence was quenched as Nile 

red was exposed to water, indicating structural changes within and water access into the 
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micelles. Though the authors did not examine sensitivity to visible light, the amino-

coumarin photocage used absorbs in that range. 

Another method of exploiting the amino-coumarin photocage is to incorporate it 

as a crosslinker to hold a material together. Huang et al. use this method,58 formulating 

microgels from a methacrylated amino-coumarin crosslinker and polystyrene. Visible 

light irradiation of the microgels (400–450 nm, 65 mWcm-2) cleaved the amino-coumarin 

crosslinks, allowing swelling and degradation of the gels and subsequent release of 

encapsulated Nile red. Gels are a particularly good platform for coumarin-based systems, 

as they allow ready access for water. 

Although not yet used in materials, derivatives of the amino-coumarin photocage 

with further red-shifted absorbance have been developed (Figure 0.4). Bao et al. were 

able to lengthen the push-pull conjugation of the coumarin chromophore by introducing a 

styryl group at the 7-position to yield 1.63 This modification increased the maximum 

absorbance to 407 nm with substantial absorbance maintained to ~500 nm. Olsen et al. 

used a similar strategy in extending the conjugation of coumarin 2,64 maintaining the 

diethylamino group at the 7-position and extending conjugation at the 3-position. This 

increased absorbance into the visible range, to ~500 nm, with a maximum of 450 nm. 

Fournier et al. developed an extensive library of coumarin derivatives with a variety of 

modifications to the standard coumarin scaffold.65 Among these, 7-diethylamino-4-

methanol-thiocoumarin 3 was further studied; this derivative absorbs blue light to 520 

nm, with a maximum absorbance at 472 nm. The authors were able to exert photocontrol 

over the activity of a transcription factor in an in vivo zebrafish model using 470 nm 
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illumination.66 These new coumarin photocages show promise for future use in materials 

for controlled release.  

 

 

Figure 0.4. Coumarin derivatives 163, 264 and 366 with red-shifted absorbances. 

 

Perylene photocage-based materials 

More recently the perylene-3-ylmethyl photocage was introduced by Jana et al..67 

The perylene photocage has visible light absorption extending to 450 nm. These 

photocages undergo photosolvolysis that requires the leaving group to be replaced by a 

nucleophile such as water or methanol; in the absence of a nucleophile the photoexcited 

photocage intermediate relaxes to the ground state through fluorescence.  
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Figure 0.5. Perylene-chlorambucil nanoconjugates release drugs upon irradiation.56 
Reprinted with permission from  J. Am. Chem. Soc . 134, 7656. 56 Copyright 
2012 American Chemical Society. 
 

The first reported use of a perylene-3-ylmethyl photocage in a nanomaterial made 

use of a perylene-chlorambucil conjugate formulated into particles by nano-precipitation 

in water (Figure 0.5).56 Interestingly the authors observed a substantial absorbance and 

fluorescence red shift, to 550 nm and 625 nm, respectively, upon particle formulation. 

Upon photorelease, the fluorescence emission was shifted to 445 nm, providing a means 

of tracking both the nanoconjugates’ location and release. Photorelease of chlorambucil 

from the conjugate nanoparticles by visible light irradiation (≥410 nm) was demonstrated 

by HPLC and cell viability assays in HeLa cells. In subsequent work by Jana et al., the 

concept was further improved using perylene-3,4,9,10-tetrayltetramethanol esterified 
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with chlorambucil, yielding a perylene with four attached molecules of chlorambucil, 

effectively increasing the drug loading of the conjugate nanoparticles.68  

Perylene has also been used as an end-cap for a self-immolative polymer.69 The 

previously reported70 poly(benzyl carbamate) backbone that, upon photocleavage of the 

perylene photocage, triggers a cascading self-immolative backbone degradation of the 

hydrophobic block of an amphiphilic di-block copolymer. This amplified hydrophobicity 

switch should lead to higher sensitivity than previously discussed switching 

mechanisms.57,59 The polymersomes formulated from the polymer efficiently released 

eosin in response to blue visible light (420 nm).  

The design of the closely related 1-acetylpyrene photocage was based on a known 

fluorescent molecule.71,72 Work by Barman et al. makes use of the 1-acetylpyrene 

photocage and nanoconjugate particles,73 similar to those used by Jana et al.56,67 In this 

instance they conjugated the antimicrobial salicylic acid with 1-acetylpyrene to formulate 

nanoconjugates. Salicylic acid was cleanly released in response to ≥410 nm light as 

demonstrated by HPLC. The photoactivated material killed P. aeruginosa-ATCC 27853 

bacteria; only upon irradiation with visible light was there a marked impact on bacteria 

cell viability, and cell death was proportional to the length of irradiation.  

Nitrophenylpropyloxy compounds  

Various efforts have been made to red-shift the absorbance of the ortho-

nitrobenzyl photocage (ONB), commonly used for UV light-triggered release.74,75 Many 

of these efforts were intended to increase the photocage’s sensitivity to two-photon 

excitation, but have met limited success because the quantum efficiency is severely 

decreased when push-pull systems or extended conjugation is introduced to the ONB 
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cage.61 However, a closely related photocage class, based on 2-(2-

nitrophenyl)propyloxycarbonyl (NPPOC),76 has better properties than the ONB in this 

regard. The result of these research endeavors has been a variety of red-shifted 

photocages, some with both visible light absorption and high two-photon absorption 

action cross-sections.77,78 A few materials utilize these photocages: García-Fernández et 

al.79 used red-shifted push-pull dimethyl-amino biphenyl photocages in the NPPOC 

series as a negative photoresist; upon irradiation with 520 nm light, amines were released 

from photocaged carbamate bonds, allowing the subsequent crosslinking of isocyanate 

crosslinkers. Photocages in the NPPOC class have also been used for visible light-

triggered release from nanosystems. Olejniczak et al.80 incorporate one such red-shifted 

photocage77 in a random copolymer capable of forming nanoparticles. The polymer was 

synthesized to incorporate the photocage directly in the polymer backbone, such that 

photocleavage degrades the polymer into smaller, more polar segments. Though the 

material’s sensitivity to 800 nm light for two-photon degradation was highlighted, 

degradation with 320-480 nm light (100 mWcm-2) was also shown. As the photocage’s 

absorption is maximal at 400 nm and extends to 450 nm, the system can thus be activated 

with blue visible light. Nanoparticles were formulated by emulsion; encapsulated Nile red 

fluorescence was rapidly quenched upon irradiation with 320-480 nm light, indicative of 

substantial structural changes allowing water entry.  
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Figure 0.6. Visible light (< 500 nm)-degradable NPPOC polymer.81 Reproduced from 81 
with permission of The Royal Society of Chemistry. 
 

Carling et al.,81 inspired by the work of Donato et al.,78 made use of a 

dimethylamino biphenyl NPPOC-type photocage with blue-cyan light absorption (Figure 

0.6). The photocage was modified to a diol to allow its direct incorporation into the 

polymer backbone for cleavage of the backbone upon irradiation with 400-500 nm light. 

The polymer’s absorbance is maximal at 398 nm and extends past 500 nm. As tertiary 

amines were incorporated along the polymer backbone to overcome the water 

dependence of ester-functionalized NPPOCs,82 the photoinduced aci-nitro intermediate is 

deprotonated, promoting bond cleavage over photorearrangement in hydrophobic 

environments (Figure 0.6). Particles formulated by emulsion and encapsulating 

dexamethasone mitigated paw inflammation upon irradiation of an adjacent drug depot 

with visible light (400-500 nm, 0.21 Wcm-2), demonstrating the in vivo applicability of 

blue/cyan light.    

Materials using ruthenium photocages 
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The photocages that have been described so far in this review are all organic 

molecules, but photocages are not limited to purely organic compounds. Ruthenium 

complexes (and boron, see part 2) have been introduced as visible light-absorbing 

photocages. Zayat et al.83 used a ruthenium complex to release the neurotransmitter 

GABA attached by a Ru-N coordination bond, which dissociates upon irradiation and is 

replaced by water, releasing GABA. This ruthenium photocage was subsequently utilized 

by Knežević et al.84 as a cap for the pores of a mesoporous silica nanoparticle (Figure 

0.7) loaded with sulforhodamine 101 fluorescent dye. The [Ru(bpy)2(PPh3)Cl]Cl caps 

were  coordinated to  sulfur atoms present on the mercaptopropyl-functionalized 

mesoporous silica nanoparticle. Upon irradiation with visible light (455 nm) the 

mercaptopropyl ligands exchange with water, opening the pores to allow payload release. 

Proportional release of both dye and the ruthenium complex were demonstrated by 

absorbance.  

 

Figure 0.7. Sulforhodamine 101 trapped in the pore of a mesoporous silica nanoparticle 
by a photocleavable ruthenium complex.84 Reproduced from 84 with permission of The 
Royal Society of Chemistry. 
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IV. Indirect energy transfer mechanisms 

Long wavelength light can also be used to transduce the energy absorbed by a 

chromophore to a form that can interact with other components of the material. Light 

energy can be transduced via the photoactive entity into heat or can generate singlet 

oxygen that subsequently cause changes in materials. These techniques include the 

earliest reports using visible light as a means to trigger release. They often couple 

liposomes or micelles with a visible light-absorbing component, as in the recent work by 

Carter et al. with porphyrin-containing liposomes.85 Upon irradiation with red light, a 

variety of hydrophilic molecules were released both in vitro and in vivo. Though the 

authors of the study are unsure of the exact mechanism of release, it seems likely to be 

some form of energy transfer.  

The first material designed to alter its physical properties in response to visible 

light was reported by Suzuki et al. in 1990.86 A natural visible light-absorbing moiety, 

chlorophyllin, was polymerized with N-isopropylacrylamide and N,N’-

methylenebisacrylamide as a crosslinker to yield a hydrogel. Since poly(N-

isopropylacrylamide) (PNIPAm) was the primary constituent of the hydrogel, the 

material changes state upon a temperature change. At temperatures above its LCST (32 

oC) the hydrogel transitions from a swollen, hydrated state to a dehydrated state, 

decreasing its volume. Upon absorption of visible light, chlorophyllin (maximum 

absorption 488 nm) generates heat, collapsing the gel. Though this work did not explore 

photorelease of a payload, it uses many of the concepts that will be further discussed in 

this section.  
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Light-triggered heating has been used to destabilize membranes and trigger 

release in liposomes. Dendramis et al. used a lipophilic cyanine dye to locally generate 

enough heat for this purpose,87,88 using a tightly focused laser at 645 nm to irradiate 

single liposomes, illustrating an interesting means of carefully controlling release for cell 

studies with high spatial precision. Griepenburg et al. also utilize heating to release a 

payload, in their case a model dye, Zn2+ and Ca2+.89 Though the wavelength of light used 

was shorter (488 nm), the work does show broad applicability to release of diverse cargo, 

from small molecules to metal ions. Inorganic materials can also be used to generate heat 

upon irradiation, which has been reviewed elsewhere.51-53 

Irradiation of photosensitizing dyes with long-wavelength visible light can also 

generate singlet oxygen. Though this introduces some toxicity, a drawback for its use, 

singlet oxygen can oxidize and cleave certain double bonds. This mechanism was first 

utilized as a research tool to oxidize lipids and thus destabilize cell membranes.90,91 The 

technique was subsequently applied by Anderson et al.92 to release a payload from 

liposomes incorporating plasmalogen, a lipid containing a vinyl ether linkage, and the 

photosensitizing dye zinc pthalocyanine. Irradiation with red light (λ > 640 nm) in the 

presence of oxygen triggered glucose release, presumably through membrane 

destabilization caused by oxidation and subsequent cleavage of vinyl ether linkages. In 

the presence of the radical quencher sodium azide or when lipids without vinyl moieties 

were used, the liposomes did not respond to the light. A subsequent study by 

Pashkovskaya et al. also makes use of photosensitizing dye to oxidize lipids and 

destabilize a membrane.93 Of three photosensitizing dyes, trisulfonated aluminum 

phthalocyanine was the most effective at triggering release upon irradiation (λ > 580 nm). 
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Release of the larger hydrophilic payload, calcein, was slower than that of the smaller, 

more hydrophobic payload carboxyfluorescein. This is consistent with regions of distinct 

size in the membrane becoming more hydrophilic and leaky upon oxidation. As in the 

above study, release was slowed substantially by adding the singlet oxygen quencher 

sodium azide. The system was later improved by using bacteriochlorophyll and 

phthalocyanin photosensitizers that allowed calcium and calcein to be released with 800 

nm light.94,95  

 Similarly, release can be achieved by polymerization of lipids in a membrane. 

O’Brien et al. explored this approach using multiple lipids, all with α,β,γ,δ-unsaturated 

ester moieties, in liposomes functionalized with cyanine dyes.96,97 The cyanine dyes were 

modified to contain long hydrophobic chains to effectively embed them in the liposome 

membrane. Much like in the previous studies utilizing photosensitizing porphyrin-based 

dyes, irradiation of the cyanine dye generates radical oxides, which initiate 

polymerization of the α,β,γ,δ-unsaturated ester moieties of the membrane lipids. The 

resulting rigid polymerized domains destabilize the liposomes, causing release of the 

encapsulated contents.   
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Figure 0.8. Visible light-triggered generation of singlet oxygen and singlet oxygen 
sensitive linkers to release drugs.98 Reprinted with permission from Bioconjugate Chem 
25, 2175. Copyright 2014 American Chemical Society. 
 

Although not yet used to trigger release from materials, photo-generation of 

singlet oxygen coupled to singlet oxygen-sensitive linkers has been further developed to 

release caged molecules. The work of David Dolphin’s and Youngjae You’s groups 

developed this technology for long-wavelength light-triggered release of prodrugs.99-101 

The You group fine-tuned the technology to release a multitude of drugs and dyes both in 

vitro and in vivo (Figure 0.8).98,100,102-104 

Recently Gorka et al. reported a similar strategy,105 using an amine-functionalized 

IR780 cyanine dye as both the photosensitizing source of singlet oxygen and the 

cleavable linker. Upon singlet oxygen-mediated photobleaching of the cyanine dye, a 

detrimental degradation event seen in the parent dye, the resulting degradation product 

undergoes a subsequent thermal cascade reaction that releases the active drug. 
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V. Photoisomerization 

 Visible light can also induce isomerization of organic molecules. We have 

included in this section isomerizations that involve bond breaking but do not release 

molecules, such as that of spiropyran. These isomerizations are reversible, and after 

photoisomerization will revert to their lowest energy state with heat or longer wavelength 

light. Though less drastic than bond scission into two molecules, changes in 

hydrophobicity or shape can be sufficient to initiate release.  

Wolff rearrangement 

Wolff rearrangements have been used in a few instances to trigger release from 

micelles,106,107 both employing UV and NIR light. The NIR light is used for a two-photon 

process and is approximately of 800 nm while the UV light used is 350 or 365 nm. The 

materials described would clearly respond to one photon visible light around 400 nm, 

though it is not developed in either paper. Both studies make use of 2-diazo-1,2-

naphthoquinone, hydrophobic moieties that upon irradiation undergo a Wolff 

rearrangement to form hydrophilic 3-indenecarboxylic acid, disrupting the micelles, 

demonstrated by quenching of encapsulated Nile red fluorescence. Liu et al. further study 

release of coumarin 102 and doxorubicin;107 decreases in viability of HepG2 cells 

exposed to doxorubicin-loaded micelles were greater upon irradiation with 800 nm light, 

absorbed by a two-photon process. These studies indicate that the Wolff rearrangement is 

a viable trigger to initiate payload release.  

Azobenzene 

Azobenzene-based systems, though common, are rarely designed to respond to 

visible light, instead relying on UV light. Phototriggered release from azobenzene 
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systems relies on isomerization from the lower energy trans form to the cis form, which 

can revert to the trans form with either heat or visible light. Azobenzene has been used in 

many materials (like liposomes108,109, micelles110, and capped mesoporous silica 

nanoparticles111,112) but typically the majority of the azobenzenes must shift conformation 

to trigger release. Lu et al. overcame this limitation by using a slightly red-shifted 

azobenzene and the dynamic equilibrium between cis and trans isomers when irradiated 

with short wavelength visible light.113 Inspired by the work of Zu et al.114 and Angelos et 

al.,115 the authors used isomerizations between cis and trans azobenzene caused by 

irradiation with 413 nm light as a molecular stirrer to enhance diffusion of small 

molecules out of mesoporous silica nanoparticles (Figure 0.9). Release was demonstrated 

by relief of rhodamine B fluorescence quenching and uptake of the membrane-

impermeable dye propidium iodide into PANC-1 cancer cells upon irradiation with 413 

nm light. The anti-cancer drug camptothecin was also released into PANC-1 cells using 

visible light to induce cell death. 
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Figure 0.9. Mesoporous silica nanoparticles functionalized with azobenzene release 
payload through cis-trans isomerization.113 Reproduced  from Ref 113 with permission of 
John Wiley and Sons. 

 

Recently azobenzene derivatives with red-shifted absorbance have been 

developed, which may offer a wider range of biological applications (Figure 0.10). 

Siewertsen et al. found that a previously reported bridged azobenzene 4 red-shifted the 

absorption of the thermodynamic cis to trans transition of azobenzene to absorb blue light 

(370-400 nm) and the reverse reaction to green light (480-550 nm).116  

Beharry et al. red-shifted the azobenzene absorption by adding electron-donating 

amides and methoxides yielding 5. Surprisingly the absorption of the trans form of this 

azobenzene derivative was red-shifted further than the cis form, allowing a trans to cis 

isomerization with green light (530 nm) and cis to trans with blue light (450-460 nm).117 

Bléger et al. obtained similar results after functionalizing an azobenzene core with 

electron-withdrawing fluorine groups in the ortho position, and with an electron-

withdrawing ester in the para position, forming 6, to obtain maximal separation between 
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the cis and trans absorptions of these derivatives.118 Samanta, Beharry and coworkers 

expanded on their previous work and developed new methoxide and ortho-chloro 

substituted azobenzenes 7, which allows the trans isomer to absorb red light (630-660 

nm);119,120 the ortho-chloro substitution increases the stability of azobenzene to reduction 

by glutathione.119 These improved properties are of critical importance for future in vivo 

applications of these derivatives.  

 

 

Figure 0.10. Azobenzene derivatives 4116, 5117, 6118, and 7119 with red-shifted 
absorbances.  
 

Spiropyran 

The isomerization of spiropyran to merocyanine has been widely used to trigger 

release of payloads from materials, most commonly in synthetic micelles or liposomes, 

where irradiation with UV light causes the hydrophobic spiropyran to isomerize into the 
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hydrophilic merocyanine.35,121,122 Aznar et al. used the reverse reaction to induce release 

from functionalized mesoporous silica nanoparticles with visible light (Figure 0.11).123 

When kept in the dark at neutral or low pH, the positively charged merocyanine form of 

this derivative was favored; the pores were then capped with a negatively charged 

dendrimer. Irradiation with visible light converted the charged merocyanine isomer into 

the neutral spiropyran, releasing the dendrimers and uncapping the pores, which in turn 

released encapsulated Ru(bipy)3
2+ dyes.  

 

 

Figure 0.11. Mesoporous silica nanoparticles functionalized with spiropyran release a 
payload by isomerizing from the charged merocyanine form to the neutral spiropyran, 
freeing the negatively charged cap.123 Reproduced  from Ref 123 with permission of John 
Wiley and Sons. 
 

Spiropyran has been modified by Shi et al. (Figure 0.12) to stabilize the 

merocyanine isomer so it is predominant at room temperature in the dark. This 
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merocyanine derivative 8, with absorption shifted in the visible range, enabled 

isomerization into spiropyran using 419 nm light.124 9 had an increased thermal stability 

and could be used as a long-lasting photoacid. The pH-lowering ability of the photoacid 9 

was later applied by the same group synergistically with the antibacterial drug colistin to 

increase toxicity to bacterial cells.125  

 

 

Figure 0.12. Red-shifted merocyanine 8 that absorbs at 300-500 nm and converts to 
stable spiropyran 9.124 
 

 

Donor−acceptor Stenhouse adducts 

More recently Helmy et al. exploited donor−acceptor Stenhouse adducts 

(DASAs), which are reverse photochromes first investigated in the mid 1800’s126, 

responsive to long-wavelength visible light.127 The modular, straightforward preparation 

of these photochromes allowed synthesis of a library of derivatives to be synthesized to 

optimize their optical properties. One such derivative that isomerizes into a polar 

zwitterionic isomer upon irradiation with visible light at 570 nm was attached to a 

hydrophilic PEG and used as the hydrophobic component for micelle formulation (Figure 

0.13). Irradiation of micelles loaded with Nile red led to fluorescence quenching 

indicative of substantial morphological changes and increased water access to the dye.  
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Figure 0.13. Micelles composed of a PEG-DASA amphiphile become hydrophilic upon 
visible light irradiation.127 Reprinted with permission from J. Am. Chem. Soc. 136, 8169. 
127 Copyright 2014 American Chemical Society. 
 

Dithienylethene 

Dithienylethenes (DTEs) are a versatile class of molecular switches with distinct 

electro-optical properties,128 isomerizing from a colorless ring-open isomer to a colored 

and thermally stable ring-closed isomer upon irradiation with UV light, reversible by 

visible light. The absorbance of the ring-closed isomer can be readily tuned to desired 

wavelengths spanning the whole visible spectrum. Lemieux et al. developed a derivative 

of the DTE capable of releasing a dienophile 10 upon irradiation with visible light 

(Figure 0.14),129 exposing an isolated double bond in the ring-open isomer 11 and 

allowing a retro Diels-Alder reaction to release the previously locked dienophile and 12 

at room temperature. This concept has since been used by the Branda group for self-

healing polymers130 and release from gold nanoparticles131. Warford et al. subsequently 

developed a DTE derivative capable of activating slow thermal release of a carbonate 

upon UV light irradiation, which can be substantially accelerated by irradiation with 

visible light < 600 nm.132  
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Figure 0.14. Dithienylethene (DTE) photochrome modified for Diels-Alder release with 
440-610 nm light.129  
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Table 0.1. Photoactive moieties used for release from materials  
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VI. One-photon long wavelength light-responsive moieties yet to be utilized in materials 

The limited set of materials that respond to one photon of long wavelength light 

described in this review are vastly outnumbered by materials that respond to UV light, as 

UV-sensitive moieties are readily accessible. Long wavelength light-sensitive materials 

have far greater potential than UV-responsive materials for use in biological settings, but 

many of the systems discussed have drawbacks: responding to short wavelength visible 

light, inherent toxicity, and complex preparation. To expand the library of materials 

responsive to one photon of long wavelength light and overcome some of the drawbacks 

associated with the above-discussed materials, it may be necessary to explore new 

responsive moieties. Here we highlight some long wavelength light-responsive moieties 

with potential for use in future materials. 

 

VII. Photochromes 

A few promising visible light-responding photochromic molecular switches have 

been recently developed and not yet applied in materials (Figure 0.15). The tricyanofuran 

(TCF) photoacid 13 was first reported by Peng et al.133 then improved as compound 15 

by Johns et al..134 15 offers a longer wavelength absorption (maximum 474 nm) and is 

less acidic under dark conditions than the previously discussed merocyanine derivative 

8.125 Photochemical generation of acids could have many useful applications in 

nanotechnology.  

Another set of novel photochromes was recently reported by Hayashi et al. using 

a 2,3-diethynylfumarate core.135 Like azobenzene, 17 undergo an E to Z isomerization in 

response to light, in this case the absorption maxima range from 398-450 nm amongst the 
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derivatives. These new photochromes are important in expanding the library of known 

photochromes and have great potential for incorporation into materials.  

 

 

Figure 0.15. Red-shifted photochromes 13133, 15134, and 17135. 

 

VIII. Photocages 

DANP 

Banerjee et al. make use of another nitro containing photocage 18, referred to as 

DANP, including an amine in the para-position giving a push-pull system (Figure 

0.16).136 The design is not based upon the standard nitro-benzyl architecture and is likely 

a photohydrolysis of the excited state, requiring water. This photocage has an absorption 

maximum at ~400 nm with substantial absorption out to 470 nm. This compound is also 

more readily accessible through synthesis than many of the improved photocages 

discussed previously in this review.  
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Figure 0.16. DANP photocage 18 photocleavage to 19. 136 

 

Amino-1,4-benzoquinone 

A significant novel contribution to the assortment of photocages presented here 

was made by Chen et al.137,138 These authors made use of the known photochemical 

cyclization of 2-amino-1,4-benzoquinones with sunlight. With proper placement, the 

leaving group of 20 could be released in a dark elimination step of 21 following the 

cyclization (Figure 0.17).  The uncaging efficiency of these compounds is significantly 

impeded by polar solvents and an unproductive Diels-Alder reaction can be formed from 

the photocage and photocleaved product. Despite this, these amino substituted 

benzoquinones are intriguing as photocages as they absorb and cleave with visible light 

(450-700 nm). 
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Figure 0.17. Amino-1,4-benzoquinone photocage 20 photocleavage to 22. 137,138 

 

BODIPY 

The perylene, coumarin and cyanine photocages discussed in this review were 

originally purposed as fluorescent dyes. The repurposing of dyes to photocages is being 

continued (Figure 0.18), recently using the long wavelength absorbing dye BODIPY. 

Umeda et al. use a BODIPY modified with a self-immolative phenol linked to the Boron, 

23.139 The authors used release of this self-immolative spacer to release histamine in 

cells. As in the perylene and coumarin photocages, photorelease generates a carbocation 

that must be trapped by a nucleophile. Rubinstein et al. make use of a BODIPY with a 

leaving group attached at the bridging carbon of the BODIPY, 24.140 Goswami et al. 

broaden the assortment of this variety of BODIPY photocage by making a small library 

of halogenated compounds with the iodinated analog 25 having some of the best 

properties.141 All of these photocages absorb green light ~440-580 nm with good 

efficiency compensating for the relatively low quantum yield (compared to ortho-nitro 

benzyl cages) of photocleavage.  
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Fluorescein 

Fluorescein is another well-known dye that has been modified to function as a 

photocage. The authors were able to use this fluorescein analog 26 to release esters using 

520 nm light.142  

 

Figure 0.18. BODIPY 23139, 24140, and 25141 and fluorescein 26142 derived photocages. 

 

IX. Conclusions  

The use of light to trigger the release of a payload has been explored extensively 

for both basic biomedical research and as treatments for disease. Although efforts to use 

longer wavelength visible and NIR light have been made for roughly 30 years, research 

in this area has only recently intensified. Long-wavelength light holds the promise of 

more benign effects on living systems than shorter wavelength UV light. Materials 
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responsive to long-wavelength light are not easily accessed, it is a challenge to make use 

of low energy light of these wavelengths to effect chemical changes. Despite these 

challenges, many creative solutions to making visible light responsive materials have 

been presented in this review.  

Using light to trigger release is a goal for many. The clinical use of light in 

photodynamic therapy shows the potential for light in therapy. But the next step, light 

triggered release of payloads being used clinically still needs much work, though 

important steps have been made. A push towards longer wavelength light responsive 

materials is essential to this goal.   Continued exploration into this field is of great 

importance and much room for improvement still exists. A greater diversity of visible 

light responsive moieties is a necessity and a push to respond to longer wavelengths is 

essential. 
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CHAPTER 1 

Highest Efficiency Two-Photon Degradable Copolymer for Remote Controlled Release 

 

1.1 Abstract 

To address the scarcity of polymers that degrade upon absorption of near infrared 

(NIR) light, we introduce a new polymer containing moieties in its backbone capable of 

highly efficient NIR-triggered photocleavage. The polymer rapidly undergoes backbone 

scission in response to both UV-Vis and near infrared light via two-photon absorption, as 

revealed by gel permeation chromatography. Cleavage of photosensitive groups from the 

backbone is confirmed by 1H NMR. These polymers were successfully formulated into 

particles encapsulating a dye that was released upon irradiation with UV-Vis and NIR 

light, as indicated by changes in fluorescence characteristic of increased solvent 

interaction with cargo. Thus, this new polymer is readily photocleaved by UV-Vis and 

NIR light, giving it a variety of potential applications in photopatterning and on-demand 

release. 

 

1.2 Introduction 

Photolabile materials have diverse applications, both in industry, for example as 

photoresists in photolithography and patterning,1,2 and in the biomedical field,3 enabling 
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precise control over biomaterial properties and drug release in living systems. For drug 

delivery, light-responsive nanocarriers may release cargo by several mechanisms: photo-

isomerization,4-6 photothermal effects,7 changes in hydrophobicity,8-13 and fragmentation 

of the material by the photolysis of photolabile bonds.14-21 The last method is most 

attractive as fragmentation allows for more complete release and easier clearance of the 

resulting small molecules. 

To be truly useful in biological systems, photolabile materials should respond to 

wavelengths that penetrate deeply into cells and tissues with minimal scattering and 

photodamage. However, most light-responsive nanocarriers are responsive only to UV 

light due to its high energy, a requirement for most relevant chemical changes. Near 

infrared (NIR) light has better tissue penetration but generally lacks the energy required 

to initiate a chemical change. This challenge has been overcome with the development of 

materials that absorb two photons of low energy NIR light to undergo the same photo-

induced change as with classical absorption of one higher energy UV photon. The 

selection of a photolabile group is critical to obtain a highly photosensitive material.16 

A photoremovable group recently reported by Gug et al.22 with a high two-photon 

absorption efficiency seemed to be an ideal photolabile group to engineer into polymeric 

materials and carriers, as it possesses an outstanding action cross-section of 5.0 Goeppert-

Mayer units at 800 nm (1 GM=10-50 cm4 s photon-1)22 due to its extensive conjugation. 

For example, systems with less conjugation, like the more commonly used 4,5-

dimethoxy-2-nitrobenzyl14 and bromo-hydroxycoumarin16 protecting groups have low 

uncaging cross-sections, i.e., 0.01 GM within 700–750 nm range23 and 0.16 GM at 800 
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nm,24 respectively, which limits the sensitivity of the polymers incorporating these 

photosensitive moieties. 

 

Figure 1.1. a) The desired monomer 1. b) An illustration of the degradation of a polymer 
containing some photosensitive monomer in response to light. 

 

Further, polymers incorporating bromo-hydroxycoumarin require water for 

uncaging25, which makes triggered degradation of hydrophobic assemblies (e.g. 

nanoparticles) difficult to achieve. We posited that a polymer bearing the photocage 

proposed by Gug et al.22 would degrade upon two-photon absorption with great 

sensitivity. We chose to replace the 1-(3,6-dioxaheptyl) chains at the 9 position of the 

central fluorene with 2,5,8,11-tetraoxatetradecane to improve the aqueous solubility of 

the structure, important for clearance from biological systems, without decreasing the 

efficiency of two-photon absorption (Figure 1.1a). As this monomer does not allow 

generation of high molecular weight polymers, we pursued a copolymerization strategy 

with adipoyl chloride and 1,6 hexanediol (Figure 1.1b). This copolymerization 

maintained the polymer’s ability to fragment into small molecules, facilitating clearance 

from tissues and release of a payload from polymer nanocarriers. 
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1.3 Materials and methods   

General Methods and Instrumentation. All reactions requiring anhydrous 

conditions were performed under a nitrogen atmosphere. Flash chromatography was 

performed using a CombiFlash Companion system. 1H NMR spectra were acquired using 

one of three spectrometers: Varian 300 MHz, 400 MHz, or a Bruker 600 MHz. Chemical 

shifts are reported as δ in units of parts per million (ppm) relative to chloroform (δ 7.26, 

s). Multiplicities are reported as follows: s (singlet), bs (broad singlet), d (doublet), t 

(triplet), q (quartet), sex (sextet), dd (doublet of doublets), m (multiplet), br (broadened). 

Coupling constants are reported as a J value in Hertz (Hz).  The number of protons (n) for 

a given resonance is indicated as nH, and is based on spectral integration values.  UV 

spectra were acquired using a dual beam Shimadzu UV-3600 UV-Vis-NIR 

Spectrophotometer.  Blank baselines were acquired using identical cuvettes with the same 

solvent.  A cuvette containing the solvent remained in the reference line during all 

spectral acquisitions. 

Samples were irradiated with UV light using an OmniCure s2000 (Lumen 

Dynamics). A bandpass filter limited the output of the Hg lamp to 320 – 480 nm.  The 

instrument’s internal iris and shutter were used to adjust the power output and exposure 

times, respectively. The power was set to emit 10% of the possible maximum lamp 

power, 100 mW·cm-2.  A lens attached to the end of the light guide focused the light ~3 

cm away, where the cuvettes were placed.  For the degradation study tracked by 1H 

NMR, a Luzchem LZC-ORG photoreactor equipped with 8 UV-A lamps was used. 

A Ti:Sapphire laser (Mai Tai HP, Spectra Physics) with ~100 fs pulse widths and 

80 MHz repetition rate generated light for NIR irradiation at 800 nm (82.7 W·cm-2). 
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Molecular weights and degradation were determined by gel permeation chromatography, 

using a Waters e2695 instrument with a series of Styragel HR4 and Styragel HR2 

columns in DMF with 0.01% LiBr at 37 oC.  The instrument was calibrated with 

monodisperse polystyrene standards. 

 

Monomer 1. Compound 5 (400 mg, 0.57 mmol), compound 4 (290 mg, 1.4 mmol), 

Pd(OAc)2 (25 mg, 0.11 mmol), and tri(o-tolyl)phosphine (138 mg, 0.45 mmol) were 

dissolved in toluene (2.5 mL) and triethylamine (2.5 mL). The mixture was heated by 

microwave at 140 oC for ten min, then at 120 oC for 2 h. The reaction mixture was 

filtered through celite, concentrated, and purified by silica column to yield compound 1 

(374 mg, 69%).  

1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 7.9 Hz, 2H), 7.69 (d, J = 7.9 Hz, 2H), 7.65 – 

7.59 (m, 4H), 7.59 – 7.50 (m, 4H), 7.29 (d, J = 16.4 Hz, 2H), 7.21(d, J = 16.4 Hz, 2H), 

3.87 (d, J = 5.4 Hz, 4H), 3.66 (sex, J = 20.0, 13.2, 6.4 Hz, 2H), 3.61 – 3.43 (m, 14H), 

3.40-3.37 (m, 4H), 3.33 (d, J = 5.8 Hz, 4H), 3.26 – 3.12 (m, 4H), 2.86 – 2.71 (m, 4H), 

2.54 – 2.37 (m, 4H), 1.41 (d, J = 6.4 Hz, 6H). 

 

Compound 3. Compound 2 (4.56 g, 19.8 mmol) was dissolved in DMSO (10 mL), and 

paraformaldehyde (700 mg) was added to the solution. Potassium tert-butoxide (342 mg, 

3 mmol) was dissolved in tert-butanol (15 mL), and was added to the DMSO solution 

dropwise. The reaction mixture was heated at 80 oC for 12 h. The reaction was quenched 

with water and was extracted three times with EtOAc. The combined organic mixture 
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was washed with brine, dried over MgSO4, and concentrated. Purification by silica 

column (Hex to 1:1 Hex/EtOAc) yielded compound 3 (4.02 g, 76%). 

1H NMR (300 MHz, CDCl3): δ 7.69-7.61 (m, 2H), 7.49 (dd, J = 8.4, 1.8 Hz, 1H), 3.91 – 

3.69 (m, 2H), 3.61-3.50, (m, 1H), 1.32 (d, J = 5.6 Hz, 2H). 

 

Compound 4. Compound 3 (1.65 g, 6.4 mmol), tributyl(vinyl) tin (2.27 mL, 7.8 mmol), 

triphenylphosphine (0.495 g, 1.9 mmol), and palladium(0) bis(dibenzylideneacetone) 

(0.272g, 0.47 mmol) were dissolved in toluene (40 mL) and refluxed 24 h. The reaction 

mixture was cooled to room temperature and was filtered through celite. The solution was 

then concentrated and purified by silica column using a linear gradient (hex→EtOAc) to 

yield compound 4 (1.03 g, 78%). 

1H NMR (400 MHz, CDCl3): δ 7.77 (d, J = 8.4 Hz, 1H), 7.44 (d, J = 1.8 Hz, 1H), 7.39 

(dd, J = 8.4, 1.8 Hz, 1H), 6.74 (dd, J = 17.6, 10.9 Hz, 1H), 5.87 (d, J = 17.6 Hz, 1H), 5.46 

(d, J = 10.9 Hz, 1H), 3.91 – 3.74 (m, 2H), 3.67 – 3.51 (m, 1H), 1.34 (d, J = 7.2 Hz, 3H). 

 

Compound 5. Compound 6(1.79 g, 6.6 mmol) and 2,7-dibromofluorene (0.856 g, 2.6 

mmol) were combined in DMSO (15 mL) with tetra-n-butylammonium bromide ( 20 mg, 

0.06 mmol). A 50% aqueous solution of NaOH (2 mL) was dripped into the reaction 

mixture, which was allowed to react overnight at room temperature. The reaction mixture 

was diluted with water and was extracted three times with ethyl acetate. The combined 

organic was washed with concentrated ammonium chloride solution, dried over MgSO4, 

and concentrated. The residue was purified by silica column using a linear gradient 

(hex→EtOAc) to yield compound 5 (0.90 g, 48%). 



51 
 

 
 

1H NMR (600 MHz, CDCl3) δ 7.51 (d, J = 1.8 Hz, 2H), 7.49 (d, J = 7.9 Hz, 2H), 7.44 

(dd, J = 7.9, 1.8 Hz, 1H), 3.62 – 3.54 (m, 8H), 3.53-3.49 (m, 8H), 3.40 – 3.34 (m, 4H), 

3.33 (s, 6H), 3.18-3.16 (m, 4H), 2.74 (t, J = 7.4 Hz, 4H), 2.31 (t, J = 7.4 Hz, 4H). 

 

Compound 6. Tetraethyleneglycol monomethyl ether (2.37 g, 11.4 mmol) was dissolved 

in dichloromethane (20 mL) and phosphorous tribromide (0.7 ml, 7.4 mmol), and was 

added dropwise over 10 min. The reaction mixture was stirred for 12 h at room 

temperature, then quenched with 20% sodium carbonate solution (10 mL). The mixture 

was extracted two times with ethyl acetate. The combined organic was dried over MgSO4 

and concentrated. Purification by silica column (Hex/EtOAc) yielded compound 6 (1.79 

g, 58%).  

1H NMR (600 MHz, CDCl3) δ 3.81 (t, J = 6.6 Hz, 2H ), 3.70 – 3.63 (m, 10H), 3.57 – 3.53 

(m, 2H), 3.47 (t, J = 6.6 Hz, 2H), 3.38 (s, 3H). 

 

1.4 Results and Discussion 

Monomer 1 (Figure 1.1a) was synthesized in a manner similar to that previously 

published22 (Scheme 1.1). Compound 2 was synthesized in accordance with established 

literature procedures26 and was then hydroxylated using a t-BuOK/t-BuOH mixture and 

paraformaldehyde to form alcohol 3. Nitrostyrene 4 was prepared via Stille coupling 

between 3 and tributyl(vinyl)stannane. Next, 2,7-dibromofluorene was substituted twice 

at the 9-position with 2,5,8,11-tetraoxatetradecane chains. Finally, 4 and 5 were linked 

via Heck coupling to form the desired monomer 1.   
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Scheme 1.1. Synthesis of the desired polymer 1. Reagents and conditions a) 
tBuOK/tBuOH, paraformaldehyde, DMSO, 76 %; b)triphenylphosphine, 
Bis(dibenzylideneacetone)palladium(0), toluene, 78 %; c) KOH/H2O, DMSO, 48 %; d) 4, 
Pd(OAc)2, NEt3, Tri(o-tolyl)phosphine, toluene, 78 %, e) adipoyl chloride, hexane diol, 
DCM. Quantities of monomer 1 and hexane diol were varied in the polymerization to 
yield polymer 1 with 1%, 5%, and 10% content of monomer. 
 

As we aimed to incorporate a high proportion of photocleavable groups while 

maximizing polymer length, we varied the content of monomer 1, producing batches of 

polymer with 1%, 5%, and 10% photosensitive monomer content. Weight-average 

molecular weights (MW) were determined by gel permeation chromotography (GPC) 

(Figure 1.2) to be 68,000 Da (PDI= 1.70), 68,000 Da (PDI = 2.13), and 25,000 Da (PDI = 

1.38) for polymers with 1%, 5%, and 10% content of monomer 1, respectively, relative to 

poly(methyl methacrylate) standards. These PDI values were measured following 

removal of low molecular weight oligomers by precipitation. Incorporating greater than 
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10% monomer 1 led to substantially lower molecular weights, (note the 43000 Da 

decrease in molecular weight between the 5% and 10% polymer 1) and a predominance 

of oligomers leading to generally lower yields of polymer.  

 

 

Figure 1.2. GPC chromatograms of polymer 1 with 1%, 5%, and 10% content of 
monomer 1. (UV detection, 254 nm). 

 

To determine the amount of irradiation required to photolyze the light sensitive 

bonds, we measured changes in the UV-Vis absorbance spectrum of polymer 1 dissolved 

in tetrahydrofuran/ phosphate buffer, pH 7.4, (80:20) upon different periods of 

irradiation. Results are reported for the polymer containing 1% monomer 1; polymers 

containing 5% and 10% showed the same spectral trend. The polymer was irradiated with 

320–480 nm light at 100 mW·cm-2 or with 800 nm light at 82.7 W·cm-2 (Figure 1.3). 

Both display similar decreases in absorbance at 400 nm and increases in absorbance at 

450 nm upon photolysis. Although the photocage was optimized for two-photon 

uncaging, it still has a greater sensitivity towards one-photon absorption. As seen in 

Figure 1.3, 60 min of NIR irradiation with many times greater power density was 



54 
 

 
 

necessary to achieve the same level of photolysis as with 30 seconds of irradiation with 

UV-Vis light. 

 

 

Figure 1.3. Polymer 1 is responsive to both UV-Vis and NIR light. Absorption spectra of 
the 1% polymer 1 irradiated by a) UV/Vis (320-480 nm) and b) NIR light (800 nm).  
Insets show the percent absorption value at 400 nm versus irradiation time. 
 

With an understanding of the light sensitivity of polymer 1, we began to study its 

degradation. We chose to follow the degradation of polymer containing 10% of light 

sensitive monomer 1, as it should allow the greatest degree of photocleavage and ensuing 

degradation. The polymer was dissolved in DMF/phosphate buffer, pH 7.4, (90:10) and 

solutions were irradiated with UV-Vis light from 320–480 nm or near IR light at 800 nm. 

Degradation was monitored by gel permeation chromatography (Figure 1.4).  

Degradation of the 10% polymer 1 upon irradiation with UV-Vis light reached a 
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maximum after 60 sec of irradiation (Figure 1.4a). High molecular weight polymer 

persists throughout the photo-degradation experiment, which is likely due to the random 

nature of the polymerization; some long sections of polymer contain no photosensitive 

groups and thus do not degrade. As expected from the photolysis studies, degradation of 

the polymer using NIR light requires substantially longer irradiation times and greater 

laser power. The degradation is apparent after 15 min, and progresses with further 

irradiation. A control polymer with 0% monomer 1 content was also irradiated in the 

same manner and showed no signs of degradation over the observed time period (Figure 

1.S2). 

 

 

Figure 1.4. Polymer 1 degrades in response to both UV-Vis and NIR light. a) GPC traces 
of 10% polymer 1 before and after irradiation with 320-480 nm light (0 - 60 sec); b) GPC 
traces of 10% polymer 1 before and after irradiation with 800 nm light (0 – 120 min). 
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Polymer degradation was also monitored by 1H NMR spectroscopy upon UV-Vis 

irradiation. A concentrated solution of polymer containing 10% monomer 1 in deuterated 

dichloromethane was prepared and irradiated for the prescribed times in a 1.7 mm Bruker 

NMR tube with 320-480 nm light (Figure 1.5a). As expected, the 1H NMR spectra of 

irradiated polymer show an increasing signal in the vinylic region at 6.3 ppm (A) 

corresponding to the expected vinylic signals of the photocleaved 

product (Figure 1.5b). The signals corresponding to the methylene protons at 4.3 and 4.2 

ppm (C) and the methine proton at 3.8 ppm (D), all characteristic of the starting polymer, 

decrease progressively upon irradiation. The methyl doublet at 1.4 ppm (E) decreases in 

intensity upon irradiation and a new singlet forms further downfield at 2.1 ppm (B) (an 

expansion of this region is included in the supporting information). The change from 

doublet to singlet is consistent with loss of methine splitting of the methyl group as the 

polymer is irradiated and the downfield shift is consistent with the formation of an 

adjacent vinyl group. The 1H NMR data supports degradation into the expected products 

upon irradiation with light. 
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Figure 1.5. The photosensitive group is cleaved from the backbone upon UV irradiation. 
a) 1HNMR of polymer 1 (10%) in CD2Cl2 without irradiation and after irradiation for 15 
min, 1 h, and 2 h; b) Proposed photolysis product of irradiation of polymer 1. 
 

Polymer 1 (10%) was then formulated into spherical particles of roughly 2 μm in 

diameter by electrospray (Figure 1.6a), which consists of using high voltage electricity to 

generate a fine aerosol of dense particles from a solution of polymer.27 Particles 

encapsulated Nile Red, a hydrophobic dye that has much greater fluorescence in the 

hydrophobic environment of the particles than in water. Nile Red was chosen because its 

absorption is outside the absorbance spectrum of the photolabile group in polymer 1. 

Upon polymer degradation, the dye will be quenched either by escaping the particles or 

entry of water into the particles facilitated by the change in hydrophobicity caused by the 



58 
 

 
 

unmasking of carboxylic acid moieties upon photocleavage. Fluorescence quenching of 

the encapsulated Nile Red was monitored after irradiating the particles for 5, 15, 30, or 60 

s with 320-480 nm light and after subsequent incubation. Complete quenching was 

reached after only 30 s of irradiation and remained unchanged even with further 

incubation, indicative of fast and efficient degradation of the particles and release of the 

payload (Figure 1.6b). Fluorescence quenching was similarly measured while irradiating 

particles with NIR light. Release was observed to progress more slowly; complete 

quenching of Nile Red was attained after 60 min compared to 30 s irradiation with UV-

Vis light. Since degradation was found to be incomplete after 60 min of irradiation with 

NIR light (Figure 1.4b), the Nile Red release experiment suggests that complete polymer 

degradation is not necessary to reach full payload release. Also, minimal release was 

observed in the absence of irradiation, which implies that the particles are stable. 

Quenching upon irradiation is much faster than that in the absence of irradiation, 

confirming that polymer degradation is responsible for cargo release. 
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Figure 1.6. Particles of polymer 1 become porous or release cargo upon UV irradiation. 
a) SEM image of particles composed of polymer 1 (10 %) formulated by electrospray; b) 
Fluorescence quenching of Nile Red encapsulated in polymeric nanoparticles. Red 
diamonds, sample irradiated with UV for one minute, then maintained at 37 oC; blue 
squares, sample incubated at 37 oC; black triangles, particles irradiated at 800 nm at 20 
oC; purple circles. particles maintained at 20 oC. 
 

1.5 Conclusions 

In conclusion, we have developed a new photosensitive polymer sensitive to both 

UV/visible light and NIR laser light. By incorporating an efficient two-photon absorbing 

photocage within the polymer architecture, a polymer with a substantially larger two-

photon uncaging action cross-section than most previously reported polymers was 

developed. This photocage is cleaved upon absorption within the hydrophobic 
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microenvironment of the microcarrier, thus overcoming the main challenge to application 

of the previously reported bromo-hydroxycoumarin-containing polymers.25 Although the 

polymerization initially proved challenging, copolymerization with a second diol led to 

high yield of polymer 1 that maintained the desired properties. Polymer 1 degrades in 

response to both UV/visible light and NIR laser light, as demonstrated by GPC. The 

photodegradation products of polymer 1 were identified by 1H NMR spectroscopy. 

Polymer 1 was formulated into microparticles to encapsulate and release a payload, 

demonstrating polymer 1’s potential in drug delivery. In order to achieve more complete 

degradation, we are pursuing polymers incorporating newer photoremovable structures 

that cleave more efficiently upon absorption.28 

 

1.6 Abbreviations 

DCM, dichloromethane; DMF, dimethylformamide; DMSO, dimethyl sulfoxide; tBuOK, 

Potassium tert-butoxide; tBuOH, tert-Butyl alcohol. 
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1.9 Supplementary 

Scheme 1.S1. Synthesis of the desired monomer. Reagents and conditions a) 
tBuOK/tBuOH, paraformaldehyde, DMSO, 76 %; b) PPh3, 
Bis(dibenzylideneacetone)palladium(0), toluene, 78 %; c) KOH/H2O, DMSO, 48 %; d) 4, 
Pd(OAc)2, triethylamine, tri(o-tolyl)phosphine, toluene, 78 %. 
 

 

Scheme 1.S2. Preparation of polymer 1. 
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Table 1.S1. Amounts of reagents used in the preparation of Polymer 1 containing 1 %, 5 
%, and 10 % of the light sensitive monomer. 
 

 

 

 

Figure 1.S1. GPC chromatograms of polymer 1 with 1%, 5%, and 10% content of 
monomer 1. (UV detection, 254 nm). 
 

Polymer 1. To make polymers with varying content of light sensitive monomer, 

the same general procedure was used. The amounts of reagents used for each polymer are 

shown above in Table 1.S1. Pyridine (0.5 mL) and 1,6-hexanediol and Monomer 1 (see 

table) were dissolved in 2 mL of DCM. Adipoyl chloride was then slowly dripped into 

the solution. The reaction was stirred at room temperature for 24 h, then precipitated into 
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cold ethanol. The precipitate was further purified by dissolution in DCM and 

precipitation into cold ethanol. 

 

 

Figure 1.S2. 1H NMR of Polymer 1 (10% monomer 1) in CDCl3. 

 

UV and NIR degradation of polymer 1 followed by absorption. Each type of 

polymer 1 (all three monomer 1 contents) was dissolved in a mixture of tetrahydrofuran 

(THF) and PBS, pH 7.4 (80:20).  Concentrations of polymer 1 were adjusted to give a 

maximum absorption of 0.3 absorption units at 400 nm for all solutions when analyzed in 

quartz sub-micro cuvettes that have a 3 mm path length and 50 µL liquid volume (Starna 
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Cells).   Solutions were then irradiated with UV light by OmniCure (UV) or laser (NIR) 

for the given periods of time and then absorption spectra were taken.   

UV degradation of polymer 1 followed GPC. Polymer 1 with 10 % monomer 1 

was dissolved in a mixture of DMF and PBS 7.4 (90:10) at a concentration of 0.1 mg/mL. 

Solutions were then irradiated with UV light by the OmniCure at 10% power in quartz 

cuvettes or 800 nm light at 2.6 W with a Ti:Sapphire laser for the given periods of time. 

The samples were then concentrated at room temperature, dissolved in DMF with 0.01% 

LiBr, and analyzed by gel permeation chromatography. The same procedure was used for 

the control polymer (0% monomer 1), Figure 1.S2. 

 

 

Figure 1.S3. GPC degradation of polymer containing 0% monomer 1.  

 

UV degradation of polymer 1 followed by 1H NMR. A concentrated solution of 

polymer 1 containing 10 % monomer 1 in deuterated dichloromethane was prepared. The 

solution was irradiated for the prescribed times in a 1.7 mm Bruker NMR tube in a 
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Luzchem LZC-ORG photoreactor equipped with 8 UV-A lamps. Spectra were taken on a 

600 MHz Bruker spectrometer after the prescribed irradiation times. 

 

 

Figure 1.S4. 1HNMR of polymer 1 (10% monomer 1) in CD2Cl2 without irradiation and 
after irradiation for 15 min, 1 h, and 2 h. 
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Figure 1.S5. Expansion of Figure S4. 

 

Preparation and characterization of polymer particles. Photodegradable 

particles doped with Nile Red were obtained as follows. Polymer 1 (25 mg) and Nile Red 

(0.025 mg) were dissolved in 0.2 mL of CHCl3 and diluted with 0.05 mL of DMF. The 

mixture was electrosprayed at 25 kV (Gamma High Voltage, ES30) at a flow rate of 0.15 

mL/hr (KD Scientific) using a 25 gauge needle. Samples were collected onto microscopic 

glass slides on an aluminum plate collector at a distance of 20 cm. The particles (~1 

mg/slide) were removed from glass slide substrates by sonication in water, and finally 

dispersed in 10 mL of water. The morphology of the polymer microparticles was 

examined by SEM (Agilent, 8500). The amount of Nile Red incorporated into the particle 

samples was determined by dissolving the particles with CHCl3, releasing the dye 

molecules in the organic environment. Typically, 50 mL of CHCl3 was added to 1 mL of 

nanoparticle suspension and vortexed for 5 min. The fluorescence of the mixtures was 
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measured and the dye concentration was quantified by linear calibration. Steady-state 

fluorescence measurements were performed using a Fluorolog spectrofluorimeter (Horiba 

Jobin-Yvon) and quartz cuvette (volume: 1.5 mL, optical path length: 1.0 cm). Nile Red 

was excited at 550 nm and spectra were collected from 570 nm to 750 nm. The 

concentration of Nile Red in the photodegradable particles was determined to be 0.02 % 

w/w. 

Controlled release experiments. In a typical experiment, release from polymer 

particles was photo-initiated by irradiating a 500 µL aliquot (0.1 mg/mL) in a micro 

quartz cuvette with UV (Omnicure, 10% of peak power, filter: 320-400 nm) for 5, 15, 30, 

and 60 s and with pulsed NIR laser light (Mai Tai laser, 2.5 W, 800 nm) for 0, 5, 15, 30, 

45, 60 min. Release of Nile Red was followed by fluorescence spectroscopy and an 

emission spectrum was recorded immediately after irradiation and/or after different 

incubation periods (0, 5, 15, 30, 45, 60 min) at 37 °C. 
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Figure 1.S6. SEM image of Polymer 1 (10% monomer 1) particles. 
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CHAPTER 2 

Light-Triggered Intramolecular Cyclization in Poly(lactic-co-glycolic acid)-Based 

Polymers for Controlled Degradation 

 

2.1 Abstract 

Polylactide (PLA) and poly(D,L-lactide-co-glycolide) (PLGA) are two prominent 

FDA-approved polymers because of their useful biodegradation into largely innocuous 

substances.  Their hydrolytic degradation is slow and offers minimal control over 

degradation kinetics, especially in the minutes timescale. However, molecular 

engineering of their structures could allow triggered degradation. We have synthesized, 

by ring-opening polymerization (ROP), a series of PLGA-based polymers containing 

pendant nucleophiles protected with photocleavable groups. Upon deprotection two of 

the polymers degrade rapidly via intramolecular cyclization into small molecules. 

Nanoparticles formulated from these polymers undergo rapid structural changes in 

response to UV light. This work introduces a novel polymeric structure to enable rapid 

on-demand degradation and expands the library of polymers that degrade by cyclization. 
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2.2 Introduction 

Stable polymers that depolymerize rapidly upon application of a specific stimulus 

are of great interest for a variety of industrial applications, such as patterning and 

adhesives,5,6 and drug delivery.5,7 However, the variety of degradation kinetics of such 

materials remains limited; increasing the diversity of degradable polymers might allow 

better matching of materials to specific applications. Towards this end, we combined 

intramolecular cyclization, recently shown to allow triggered, rapid polymer 

degradation,8-11 with a PLGA-based backbone. We chose PLGA because of its broad use 

in current medical materials,12-14 its relatively rapid hydrolysis rate compared to other 

nonresponsive polymers (e.g. polycaprolactone), and its compatibility with ring-opening 

polymerization, allowing control over polymer length. Attaching stimuli-responsive 

groups to cyclizing sidechains creates polymers that can rapidly degrade on demand and, 

in the absence of signal, slowly hydrolyze to minimize accumulation in biological 

systems.15-17  

We designed a series of polymers including cyclizing sidechains protected with 

photolabile groups. Irradiation exposes a pendant nucleophile and triggers intramolecular 

cyclization to form favorable five-membered rings (Scheme 2.1). An ortho-nitrobenzyl 

(ONB) protecting group, which degrades in response to UV light, was selected as the 

photocleavable moiety because this variety of protecting group is well-studied,18,19 

commonly used in similar applications,8,20-23 and readily available. UV-degradable 

polymeric particles24 and other materials have been employed for biologically relevant 

purposes.22,25-30 These polymers add a new backbone to the collection of chain-breaking 

polymers already described8-10,31-40 and add light-triggered degradation to the array of 
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properties now found in the growing field of functional hydrolytically degradable poly(α-

hydroxylacid)s.41,4 

 

 

Scheme 2.1. Polymer degradation mechanism. Removal of the photolabile protecting 
group frees the pendant nucleophile to cleave the backbone ester and form a five-
membered ring. 
 

Polymeric nanoparticles composed of these polymers, when exposed to UV, 

should rapidly degrade and release encapsulated molecules. Upon irradiation the 

component polymers immediately become more hydrophilic, allowing water to infiltrate 

particles, promoting hydrolysis of the polymer backbone. The released nucleophiles also 

cause more rapid polymer degradation by intramolecular cyclization. Non-triggered ester 

hydrolysis of the PLGA-type backbone ensures complete degradation, facilitating 

clearance from the circulation, even without complete removal of pendant photocages. 

 

2.3 Materials and methods   

All chemicals and solvents were purchased from Sigma-Aldrich and used as 

received unless specified. Compound 19,  1-[3,5-Bis(trifluoromethyl)phenyl]-3-[(1R,2R)-

(-)-2-(dimethylamino)cyclohexyl]thiourea (R,R-TUC), was purchased from Strem 

Chemicals and used as recieved. Anhydrous solvents were acquired from a solvent 
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purification system (LC Technology Solutions Inc., SP-1). Silica gel flash column 

chromatography was performed using an automated CombiFlash® Rf 200 system. 

Polymer molecular weights and degradation were determined by gel permeation 

chromatography, using a Waters e2695 instrument with a series of Styragel HR4 and 

Styragel HR2 columns in DMF with 0.01% LiBr at 37 oC.  Monodisperse 

poly(methylmethacrylate) (PMMA) standards were used to determine the molecular 

weight and PDI of polymers. 1H NMR and 13C NMR spectra were acquired using a 

Varian spectrometer working at 600 MHz and 150 MHz respectively. Chemical shifts (δ) 

are reported in ppm relative to TMS, and coupling constants (J) are reported in hertz. 

High-resolution mass spectra were acquired using an Agilent 6230 ESI-TOFMS in 

positive ion mode. Irradiation with UV light was done with a Luzchem LZC-ORG 

photoreactor equipped with 8 UV-A lamps with a power of 1.35 mW/cm2 and a 0.181 

W/cm2, λex = 320-90 nm, OmniCure S2000 Curing System. Particles were formulated 

using a Qsonica Sonicator 4000 and purifiedby tangential flow filtration Millipore 

Pellicon XL, 500 kDa. Particles were characterized by DLS, Malvern Instruments 

Nanosizer, scanning electron microscopy (SEM, Agilent 8500 FE-SEM), and 

transmission electron microscopy (TEM, Tecnai FEI Spirit). Fluorescence was measured 

using a Horiba Jobin Yvon FL-1000 fluorimeter. 

 

Compound 2. Compound 1(1.70 g, 14.3 mmol) and compound 15 (4.153 g, 10.93 mmol) 

were suspended in MeCN (170 mL). Et3N (6.1 mL, 43.8 mmol) was added dropwise to 

the suspension. The reaction mixture was heated at reflux for 18 h. The reaction mixture 
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was concentrated and purified by silica column (1:1 MeOH/ EtOAc) to yield compound 2 

as a yellow solid (2.38 g, 61 %). 

HRMS: composition: C14 H19 N2 O9; measured mass 358.1087; theoretical mass: 

358.1085. 

1H NMR (600 MHz, CDCl3) δ 7.67 (s, 1H), 6.99 (s, 1H), 5.76-5.66 (bs, 1H) 5.46 (s, 2H), 

4.21-4.15 (m, 1H), 3.97 (s, 3H), 3.93 (s, 4H), 3.48-3.32 (m, 2H), 2.12-1.98 (m, 1H), 1.91 

– 1.80 (m, 1H). 

13C NMR (151 MHz, CDCl3) δ 162.9, 156.5, 153.8, 148.1, 139.6, 128.5, 110.1, 108.1, 

63.6, 56.6, 56.5, 38.2, 36.7, 34.1. 

Compound 3a. Compound 2 (900 mg, 2.51 mmol) was dissolved in MeCN (18 mL) and 

was chilled to 0 oC. Et3N ( 0.39 mL, 2.76 mmol) was added dropwise. A solution of 

bromoacetyl bromide (0.24 mL, 2.76 mmol) in MeCN (9 mL) was added dropwise to the 

chilled solution of compound 3. The reaction was quenched after 1 h of stirring by adding 

1 M HCl The reaction mixture was extracted three times with ethyl acetate the combined 

organic was washed with brine, dried over MgSO4 and was concentrated. The resulting 

orange oil was used in the next step without further purification.  

Compound 3. Compound 3a used without purification (2.51 mmol) was dissolved in 

DMF (37.5 mL) and was dripped into a suspension of NaHCO3 (316 mg, 3.76 mmol) in 

DMF (75 mL) over a period of 28 h. The reaction was stirred for a further 8 h. The 

reaction mixture was filtered and concentrated. The resulting oil was purified by silica 

column (1:3 Hex/ EtOAc) to yield compound 3 as a yellow solid (450 mg, 45 %) over 

two steps. 
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HRMS: composition: C16 H18 N2 O10 Na; measured mass 421.0856; theoretical mass: 

421.0854. 

1H NMR (600 MHz, CDCl3) δ 7.69 (s, 1H), 6.99 (s, 1H), 5.49 (d, J = 14.4 Hz, 1H), 5.47 

(d, J = 14.4 Hz, 1H), 5.15-5.08 (m, 2H), 4.95 (d, J = 16.2 Hz, 1H), 4.91 (d, J = 16.2 Hz, 

1H), 3.99 (s, 3H), 3.96 (d, J = 12.4 Hz, 3H), 3.55 – 3.41 (m, 2H), 2.42 (m, 1H), 2.20 (m, 

1H). 

13C NMR (151 MHz, CDCl3) δ 165.8, 164.2, 156.3, 148.5, 140.2, 127.5, 111.0, 108.4, 

100.1, 73.6, 65.7, 64.1, 56.7, 56.6, 36.7, 31.2. 

 

Compound 5. Compound 5 was synthesized from compound 4, L-malic acid, via a 

previously described method using D-malic acid.  

 

Compound 6. Compound 5 (929 mg, 5.3 mmol) was dissolved in THF (6 mL) in base 

washed glassware. The solution was chilled to 0 oC and a 1 M solution of borane in THF 

(8 mL) was added dropwise over 30 min. The reaction was allowed to warm to room 

temperature gradually and allowed to react for 3.5 h. The reaction mixture was quenched 

with methanol at -78 oC and was concentrated. The reaction mixture was dissolved once 

more in methanol and concentrated then was dissolved in ethyl acetate and concentrated a 

final time. The reaction mixture was dissolved in CH2Cl2 (8 mL) without purification. 

The solution was chilled to 0 oC and pyridine (1.401 mL, 17.4 mmol) was dripped in. A 

solution of 4-nitrophenyl chloroformate (2.338 g, 11.6 mmol) in CH2Cl2 (12 mL) was 

slowly dripped into the reaction mixture. The mixture was allowed to warm to room 

temperature and react for 12 h. The reaction was quenched with distilled water, organic 
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collected and aqueous extracted 2X more with CH2Cl2. Combined organic washed with 

brine, dried over MgSO4, and concentrated. Purified by silica column (CH2Cl2) to yield 

compound 6 as colorless oil (0.900 g, 47.7 %) HRMS: composition: C14 H15 N O8 Na; 

measured mass 348.0689; theoretical mass: 348.0690. 

1H NMR (600 MHz, CDCl3) δ 8.31 – 8.26 (m, 2H), 7.41 – 7.37 (m, 2H), 4.56 (dd, J = 

7.0, 4.8 Hz, 1H), 4.54-4.49 (m, 1H), 4.48-4.43 (m, 1H), 2.38-2.31 (m, 1H), 2.29 – 2.21 

(m, 1H), 1.65 (s, 3H), 1.58 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 172.6, 155.5, 152.3, 145.5, 125.4, 122.0, 111.2, 70.8, 

64.7, 30.4, 27.1, 25.8. 

 

Compound 7a. 4,5-dimethoxy-2-nitrobenzyl alcohol (1.096 g, 5.15 mmol) and DMAP 

(62.9 mg, 0.515 mmol) were dissolved in CH2Cl2 (11 mL) and chilled to 0 oC. Pyridine 

(0.83 mL, 10.3 mmol) was dripped in to the solution. A solution of compound 6 (1.676 g, 

5.15 mmol) in DCM (13 mL) was added to the reaction mixture. The reaction mixture 

was warmed to room temperature and allowed to react 16 h. The reaction mixture was 

quenched with saturated NaHCO3 solution and was extracted 3X with CH2Cl2, the 

combined organic was washed with brine, dried over MgSO4, then concentrated. Purified 

by silica column (CH2Cl2) to yield compound 7a as yellow solid (1.392 g, 67.6 %) 

HRMS: composition: C17 H21 N O10 Na; measured mass 422.1055; theoretical mass: 

422.1058. 

1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 7.10 (s, 1H), 5.62 (d, J = 14.4 Hz, 1H), 5.58 

(d, J = 14.4 Hz, 1H), 4.52 (dd, J = 6.9, 4.8 Hz, 1H), 4.45 – 4.34 (m, 2H), 4.02 (s, 3H), 

3.96 (s, 3H), 2.32 – 2.24 (m, 1H), 2.23 – 2.14 (m, 1H), 1.62 (s, 3H), 1.56 (s, 3H). 
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13C NMR (151 MHz, CDCl3) δ 172.7, 154.4, 153.8, 148.3, 139.6, 126.8, 111.0, 109.9, 

108.1, 70.8, 66.4, 63.6, 56.7, 56.4, 30.6, 27.1, 25.8. 

 

Compound 7. Compound 7a (1.827 g, 4.57 mmol) was dissolved in THF/H2O/AcOH 

1:1:1 (19 mL), the mixture was stirred for 118 hrs. The reaction mixture was concentrated 

then dissolved in CH2Cl2. The CH2Cl2 was washed 1X with 1 M HCl, The aqueous was 

extracted twice with CH2Cl2. The combined organic was dried over MgSO4 and 

concentrated to yield compound 7 as a yellow oil (1.64 g, 100%) HRMS: composition: 

C14 H17 N O10 Na; measured mass 382.0744; theoretical mass: 382.0745. 

1H NMR (600 MHz, CDCl3) δ 7.70 (s, 1H), 7.03 (s, 1H), 5.56 (s, 2H), 4.44 – 4.33 (m, 

3H), 3.97 (s, 3H), 3.95 (s, 3H), 2.30-2.20 (m, 1H), 2.12 – 2.03 (m, 1H). 

13C NMR (151 MHz, CDCl3) δ 177.9, 154.9, 153.9, 148.5, 139.8, 126.5, 110.4, 108.3, 

67.1, 66.7, 64.3, 56.7, 56.5, 33.0. 

 

Compound 8. Compound 7 (1.487 g, 4.14 mmol) was dissolved in acetonitrile (28 mL) 

and chilled to 0 oC. Et3N (0.635 mL, 4.55 mmol) was dripped in followed by the 

dropwise addition of a solution of bromoacetyl bromide (0.918 g, 4.55 mmol) in MeCN 

(14 mL). The reaction was quenched with 1 M HCl, and extracted 3X with ethyl acetate. 

The combined organic was dried over MgSO4 and concentrated. The resulting orange oil 

was used without further purification. The oil was dissolved in DMF (63 mL) and was 

dripped into a suspension of NaHCO3 (521 mg, 6.21 mmol) in DMF (126 mL) over a 

period of 28 h. The reaction was stirred for a further 8 hrs. The reaction mixture was 

concentrated, then suspended in ethyl acetate. The suspension was filtered and the filtrate 
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was collected and concentrated. The resulting oil was purified by silica column (1:1 Hex/ 

EtOAc) then recrystallized (CH2Cl2/ Ether) to yield compound 8 as a yellow solid (0.952 

g, 57.7 %) over two steps. 

1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 7.05 (s, 1H), 5.60 (d, J= 14.4 Hz, 1H) , 5.57 

(d, J= 14.4 Hz, 1H), 5.11 (dd, J = 7.8, 4.2 Hz, 1H), 5.00 (d, J=16.2Hz, 1H), 4.94 (d, 

J=16.2 Hz, 1H), 4.49 – 4.42 (m, 2H), 4.01 (s, 3H), 3.97 (s, 3H), 2.61 – 2.53 (m, 1H), 

2.40-2.34 (m, 1H).  

13C NMR (151 MHz, CDCl3) δ 165.4, 163.8, 154.5, 153.8, 148.7, 126.1, 110.8, 108.4, 

100.1, 72.1, 67.0, 66.7, 62.8, 56.8, 56.6, 30.21. 

 

Compound 10. Sodium hydrosulfide (2.477 g, 44.2 mmol) was dissolved in DMF and 

chilled to 0 oC. Compound 9 (2.59 mL, 22.1 mmol) was dripped in and the reaction was 

allowed to warm to room temperature and stir 20 h. The reaction was quenched by adding 

water. The reaction mixture was extracted 4X with hexanes, the combined organic was 

dried over MgSO4 and concentrated to yield compound 10 (2.384 g, 80.4%) as a colorless 

oil.  

1H NMR (600 MHz, CDCl3) δ 4.96 (t, J = 4.5 Hz, 1H), 4.00 – 3.92 (m, 2H), 3.90 – 3.81 

(m, 2H), 2.64 (q, J = 15.1, 7.8 Hz, 2H), 1.99 (dt, J = 10.2, 4.2 Hz, 2H), 1.48 (t, J= 7.8 Hz, 

1H). 

13C NMR (151 MHz, CDCl3) δ 103.1, 65.1, 38.2, 19.2.  

 

Compound 11. A suspension of Compound 10 (4.225 g, 11.2 mmol) and DMAP (0.136 g, 

1.1 mmol) was prepared in CH2Cl2 (24 mL) and chilled to 0 oC. Pyridine (1.799 g, 22.4 
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mmol) was dripped into the suspension. Compound 15 (1.5 g, 11.17 mmol) was dissolved 

in CH2Cl2 (15 mL) and dripped into the suspension. The suspension was allowed to come 

to room temperature and react for 16 h, by which time all material was in solution. The 

reaction was quenched by diluting with CH2Cl2 then washing with 1 M HCl, deionized 

water, saturated sodium carbonate twice, and finally one wash with brine. The organic 

layer was dried over MgSO4 and concentrated. The resulting oil was purified by silica 

column (CH2Cl2/ MeOH 9:1) to yield compound 11 as a yellow solid (3.554 g, 85.2 %).  

1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 7.00 (s, 1H), 5.67 (s, 2H), 4.96 (t, J = 4.3 

Hz, 1H), 4.00 – 3.94 (m, 8H), 3.90 – 3.83 (m, 2H), 3.04 – 2.99 (m, 2H), 2.08 – 2.01 (m, 

2H). 

13C NMR (151 MHz, CDCl3) δ 170.8, 153.9, 148.4, 139.7, 127.1, 109.9, 108.3, 102.9, 

65.7, 65.6, 65.2, 56.6, 56.5, 34.0, 25.6.  

 

Compound 12. Compound 11 (2 g, 5.3 mmol) was dissolved in a 1:1 mixture of THF and 

1 M HCl (40 mL). The reaction mixture was stirred for 5 days. The reaction mix was 

diluted with deionized water and extracted 3X with CH2Cl2. The combined organic was 

dried over MgSO4 and concentrated to yield Compound 12 (1.702 g, 97.8 %) as a yellow 

oil. HRMS: composition: C13 H15 N O7 S Na; measured mass 352.0460; theoretical mass: 

352.0461. 

1H NMR (600 MHz, CDCl3) δ 9.78 (s, 1H), 7.73 (s, 1H), 6.98 (s, 1H), 5.67 (s, 2H), 3.99 

(s, 3H), 3.96 (s, 3H), 3.14 (t, J = 6.6 Hz, 2H), 2.92 (t, J = 6.6 Hz, 2H). 

13C NMR (151 MHz, CDCl3) δ 199.6, 170.6, 153.9, 148.5, 139.8, 126.7, 110.0, 108.4, 

66.9, 56.7, 56.6, 44.1, 23.6. 



81 
 

 

 

Compound 13a. Compound 15 (1.302 g, 3.95 mmol) and zinc iodide were dissolved in 

CH2Cl2 and chilled to 0 oC. Trimethylsilyl cyanide (0.989 mL, 7.91 mmol) was dripped 

in and the reaction was allowed to proceed for 1 h. The reaction was then diluted with 

CH2Cl2 and washed 3X with saturated NaHCO3 solution. The organic layer was dried 

over MgSO4 and concentrated to yield compound 13a (1.656 g, 97.7 %) as a yellow oil. 

1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 6.98 (s, 1H), 5.68 (d, J=14.4 Hz, 1H), 5.64 

(d, J=14.4 Hz, 1H), 4.54 (dd, J = 7.8, 5.4 Hz, 1H), 3.99 (s, 3H), 3.95 (s, 3H), 3.11 – 3.02 

(m, 1H), 3.02 – 2.94 (m, 1H), 2.26 – 2.10 (m, 2H), 0.218 (s, 9H).  

13C NMR (151 MHz, CDCl3) δ 170.2, 153.8, 148.6, 126.4, 119.4, 110.3, 108.4, 100.1, 

66.0, 59.8, 56.6, 56.5, 36.2, 26.2, -0.3.  

 

Compound 13. Compound 13a (1.656 g, 3.864 mmol) was dissolved in a 1:1 mixture of 

1,4-dioxane and concentrated HCl (8 mL). The reaction mixture was heated at 50 oC for 

15 h. The mixture was cooled to room temperature and diluted with distilled water. The 

reaction mixture was extracted 3X with CH2Cl2. The combined organic was dried over 

MgSO4 then concentrated. The resulting yellow oil was purified by C18 column 

(H2O/MeCN, 3:2) to yield compound 13 (0.8618 g, 59.4 %). HRMS: composition: C14 

H17 N O9 S Na; measured mass 398.0521; theoretical mass: 398.0516. 

1H NMR (600 MHz, CDCl3) δ 7.73 (s, 1H), 6.99 (s, 1H), 5.71 – 5.64 (m, 2H), 4.41-4.30 

(m, 1H), 4.00 (s, 3H), 3.96 (s, 3H), 3.15-3.03 (m, 2H), 2.29-2.19 (m, 1H), 2.13-2.03 (m, 

1H). 
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Compound 14. Compound 13 (0.823 g, 2.19 mmol) was dissolved in MeCN (14 mL) and 

chilled to 0 oC. Et3N (0.398 mL, 2.85 mmol) then a solution of bromoacetyl bromide 

(0.2489 mL, 2.85 mmol) in acetonitrile (7 mL) was dripped in over 10 min. The reaction 

mixture was diluted with EtOAc then washed 3X with 1M HCl. The organic layer was 

dried over MgSO4 and concentrated. The resulting orange oil was used without further 

purification. The oil was dissolved in DMF (33 mL) and was dripped into a suspension of 

NaHCO3 (276 mg, 3.29 mmol) in DMF (66 mL) over a period of 28 h. The reaction was 

stirred for a further 8 h. The reaction mixture was concentrated, then suspended in ethyl 

acetate. The suspension was filtered and the filtrate was collected and concentrated. The 

resulting oil was purified by silica column (1:1 Hex/ EtOAc) to yield compound 14 as a 

yellow solid (0.373 g, 41.0 %) over two steps.  

1H NMR (600 MHz, CDCl3) δ 7.72(s, 1H), 6.98 (s, 1H), 5.70 – 5.60 (m, 2H), 5.10 – 5.05 

(m, 1H), 4.99 (d, J = 16.8 Hz, 1H), 4.94 – 4.88 (d, J = 16.8 Hz, 1H), 3.99 (s, 3H), 3.96 (s, 

3H), 3.21 – 3.13 (m, 1H), 3.10 – 3.03 (m, 1H), 2.54 – 2.46 (m, 1H), 2.40 – 2.31 (m, 1H). 

13C NMR (151 MHz, CDCl3) δ 170.1, 166.4, 164.1, 153.8, 148.7, 126.2, 110.7, 108.5, 

100.1, 73.6, 66.21, 66.6, 56.7, 56.0, 31.1, 26.2. 

 

Polymer 16. Compound 3 (141 mg, 0.35 mmol) and compound 19 (26 mg, 0.063 mg) 

were suspended in CH2Cl2 (1.5 mL). 125 μL of 0.1 M methanol in CH2Cl2 were added 

dropwise to the reaction mixture. 125 μL of 0.1 M triazabicyclo[4.4.0]dec-5-ene in 

CH2Cl2 were added dropwise to the reaction mixture. The suspended compound 3 cleared 

as the reaction proceeded. The reaction was allowed to proceed for 24 h. The polymer 
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was purified by repeated precipitation into cold hexanes from a CH2Cl2 solution to yield 

Polymer 16 (85 mg, 85%) as a yellow solid.  

Mw = 3,800 Da PDI= 1.2 (determined by gel-permeation chromatography (GPC) relative 

to Poly(methyl methacrylate)standards). 

 

Polymer 17. Compound 8 (141 mg, 0.35 mmol) and compound 19 ( 18 mg, 0.044 mmol) 

were dissolved in CH2Cl2 (1.5 mL). 89 μL of 0.1 M methanol in CH2Cl2 were added 

dropwise to the reaction mixture. 89 μL of 0.1 M triazabicyclo[4.4.0]dec-5-ene in CH2Cl2 

were added dropwise to the reaction mixture. The reaction was allowed to proceed for 15 

h. The polymer was purified by repeated precipitation into cold ether from a CH2Cl2 

solution to yield Polymer 17 (141 mg, 100%) as a yellow solid.  

Mw = 19,200 Da, PDI=1.5 (determined by gel-permeation chromatography (GPC) 

relative to Poly(methyl methacrylate)standards). 

 

Polymer 18. Compound 14 (103 mg, 0.25 mmol) and compound 19 (13 mg, 0.031 mmol) 

were dissolved in CH2Cl2 (1.5 mL). 62 μL of 0.1 M methanol in CH2Cl2 were added 

dropwise to the reaction mixture. 62 μL of 0.1 M triazabicyclo[4.4.0]dec-5-ene in CH2Cl2 

were added dropwise to the reaction mixture. The reaction was allowed to proceed for 20 

h. The polymer was purified by repeated precipitation into cold ether from a CH2Cl2 

solution to yield Polymer 17 (91 mg, 89%) as a yellow solid.  

Mw = 12,200 Da, PDI=1.5 (determined by gel-permeation chromatography (GPC) 

relative to Poly(methyl methacrylate)standards). 
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1H NMR (600 MHz, CDCl3) δ 7.69 (s, 1H), 6.98 (s, 1H), 5.62 (s, 2H), 5.28 (s, 1H), 4.98 

– 4.62 (m, 2H), 3.98 (s, 3H), 3.94 (s, 3H), 3.01 (s, 2H), 2.32 (s, 2H). 

 

Compound 20. Compound 20 was synthesized from compound 1, (S)-(−)-4-Amino-2-

hydroxybutyric acid, via a previously described method.1 

 

Compound 21. Compound 20 (2.758 g, 12.59 mmol) was dissolved in acetonitrile (91 

mL) and chilled to 0 oC. Et3N (2.28 mL, 16.37 mmol) was dripped in followed by the 

dropwise addition of a solution of bromoacetyl bromide (1.43 mL, 16.37 mmol) in MeCN 

(30 mL). The reaction was stirred for 1.25 h. The reaction was quenched with 1 M HCl, 

and extracted 3X with ethyl acetate. The combined organic was dried over MgSO4 and 

concentrated. The resulting oil was used without further purification. The oil was 

dissolved in DMF (190 mL) and was dripped into a suspension of NaHCO3 (1.586 g, 

18.89 mmol) in DMF (381 mL) over a period of 28 h. The reaction was stirred for a 

further 8 hrs. The reaction mixture was concentrated then suspended in ethyl acetate. The 

suspension was filtered and the filtrate was collected and concentrated. The resulting oil 

was purified by silica column (1:1 Hex/ EtOAc) then recrystallized (CH2Cl2/ Ether) to 

yield compound 20 as colorless crystals (0.808 g, 24.7 %) over two steps. HRMS: 

composition: C11 H17 N O6 Na; measured mass 282.0946; theoretical mass: 282.0948. 

1H NMR (600 MHz, CDCl3) δ 5.03 (dd, J = 7.8, 4.8 Hz, 1H), 4.95 (d, J = 16.2 Hz, 1H), 

4.91 (d, J = 16.2 Hz, 1H), 3.45-3.31 (m, 2H), 2.42-2.34 (m, 1H), 2.19-2.10 (m, 1H), 1.44 

(s, 9H). 

13C NMR (151 MHz, CDCl3) δ 165.9, 164.4, 156.2, 100.1, 79.9, 73.7, 36.3, 31.4, 28.5.  
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Polymer 22. Compound 21 (300 mg, 1.16 mmol) was placed in an oven dried flask. 

Sn(oct)2 solution 0.3 M in THF ( 8.56 μL) was dripped in and the mixture was heated to 

125 oC where compound 22 melted and was allowed to react 1.25 h. The polymer was 

purified by repeated precipitation into cold ether from a DCM solution to yield Polymer 

22 (85.9  mg, 28.6%) as a colorless solid.  

Mw = 4,000 Da, PDI=1.2 (determined by gel-permeation chromatography (GPC) relative 

to Poly(methyl methacrylate)standards). 

1H NMR (600 MHz, CDCl3) δ 5.25 (s, 1H), 5.05-4.66 (m, 3H), 3.43-3.18 (m, 2H), 2.23-

2.01 (m, 2H), 1.43 (s, 9H). 

 

Compound 23. Compound 5 (1.000 g, 5.7 mmol) was dissolved in THF (6 mL) in base 

washed glassware. The solution was chilled to 0 oC and a 1 M solution of borane in THF 

(8 mL) was added dropwise over 30 min. The reaction was allowed to warm to room 

temperature gradually and allowed to react for 3.5 h. The reaction mixture was quenched 

with methanol at -78 oC and was concentrated. The reaction mixture was dissolved once 

more in methanol and concentrated then was dissolved in ethyl acetate and concentrated a 

final time. The reaction mixture was dissolved in CH2Cl2 (8 mL) without purification. 

The solution was chilled to 0 oC and pyridine (1.401 mL, 17.4 mmol) was dripped in. A 

solution of TBDPSCl (3.188 g, 11.6 mmol) in CH2Cl2 (12 mL) was slowly dripped into 

the reaction mixture. The mixture was allowed to warm to room temperature and react for 

14 h. Quenched with distilled water, organic collected and aqueous extracted 2X more 

with CH2Cl2. Combined organic washed with brine, dried over MgSO4, and concentrated. 

Purified by silica column (Hexane / 5% EtOAc) to yield compound 23 as colorless oil 
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(1.364 g, 59.0 %) HRMS: composition: C23 H30 O4 Si Na; measured mass 421.1805; 

theoretical mass: 421.1806.  

1H NMR (600 MHz, CDCl3) δ 7.70-7.64 (m, 4H), 7.46-7.35 (m, 6H), 4.64 (dd, J = 8.4, 

4.2 Hz, 1H), 3.92-3.87 (m, 1H), 3.82-3.75 (m, 1H), 2.20-2.12 (m, 1H), 1.96-1.88 (m, 1H), 

1.59 (s, 3H), 1.55 (s, 3H), 1.05 (s, 9H).  

13C NMR (151 MHz, CDCl3) δ 173.8, 135.7, 135.7, 133,7, 133.6, 129.8, 129.8, 127.8, 

127.8, 110.7, 71.0, 59.4, 34.7, 27.4, 26.9, 25.9.  

 

Compound 24. Compound 23 (1.228 g, 3.1 mmol) was dissolved in 19 mL of THF, 

Water, and AcOH 1:1:1. The reaction was stirred for 5 days. The reaction mixture was 

concentrated to yield compound 25 as a colorless oil (1.104 g, 73.2 %) and was used 

directly to prepare compound 26. HRMS: composition: C20 H25 O4 Si; measured mass 

357.1530; theoretical mass: 357.1528. 

 

Compound 25. Compound 24 (808 mg, 2.3 mmol) was dissolved in MeCN (16 mL) and 

chilled to 0 oC. Et3N (0.41mL, 2.9 mmol) was dripped in followed by the dropwise 

addition of a solution of bromoacetyl bromide (0.25 mL, 2.9 mmol) in acetonitrile (5 

mL). The reaction was stirred for 1.25 h. The reaction was quenched with 1 M HCl, and 

extracted 3X with ethyl acetate. The combined organic was dried over MgSO4 and 

concentrated. The resulting oil was used without further purification. The oil was 

dissolved in DMF (34 mL) and was dripped into a suspension of NaHCO3 (0.284 g, 3.4 

mmol) in DMF (68 mL) over a period of 28 h. The reaction was stirred for a further 8 hrs. 

The reaction mixture was concentrated, then suspended in ethyl acetate. The suspension 
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was filtered and the filtrate was collected and concentrated. The resulting oil was purified 

by silica column (3:1 Hex/ EtOAc) to yield compound 25 as colorless oil (0.137 g, 

15.3 %) over two steps.  

1H NMR (600 MHz, CDCl3) δ 7.71-7.61 (m, 4H), 7.49-7.36 (m, 6H), 5.13 (dd, J = 8.4, 

4.8 Hz, 1 H), 4.90 (d, J = 16.8 Hz, 1 H), 4.85 (d, J = 16.8 Hz, 1H), 3.92-3.88 (m, 2 H), 

2.41-2.32 (m, 1H), 2.17-2.10 (m, 1H), 1.06 (s, 9H).  

13C NMR (151 MHz, CDCl3) δ 166.1, 164.2, 135.6, 135.6 133.2, 133.1, 130.1, 128. 0, 72. 

4, 65.3, 58.4, 33.9, 27.0, 19.3.  

 

Polymer 26. Compound 25 (127 mg, 0.32 mmol) and compound 19 ( 17 mg, 0.04 mmol) 

were dissolvd in CH2Cl2 (1 mL). 80 μL of 0.1 M methanol in CH2Cl2 was added 

dropwise to the reaction mixture. 80 μL of 0.1 M triazabicyclo[4.4.0]dec-5-ene in CH2Cl2 

was added dropwise to the reaction mixture. The reaction was allowed to proceed for 15 

h. The polymer was purified by repeated precipitation into cold ether from a CH2Cl2 

solution to yield Polymer 26 (62 mg, 48 %) as a colorless solid.  

Mw = 18000 Da PDI= 1.7 (determined by gel-permeation chromatography (GPC) 

relative to Poly(methyl methacrylate)standards). 

1H NMR (600 MHz, CDCl3) δ 7.66-7.58 (m, 4H), 7.42-7.30 (m, 6H), 5.49-5.41 (m, 1H), 

4.84-4.70 (m, 1H), 4.64-4.50 (m, 1H), 3.81-3.65 (m, 2H), 2.34-2.23 (m, 1H), 2.11-1.95 

(m, 1H), 1.05-0.97 (m, 9H). 

 

Compound 27. Compound 1 (1.0 g, 8.40 mmol) and alumina ( 2.57 g, 25.20 mmol) were 

suspended in toluene (43 mL) and heated to reflux with attached Dean-Stark apparatus. 
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The reaction was allowed to proceed at reflux for 19 h. The reaction was filtered and the 

solid washed with CH2Cl2. The filtrate was then collected and concentrated to yield 27 as 

colorless crystals (0.110 g, 12.9 %). HRMS: composition: C4 H7 N O2 Na; measured 

mass 124.0371; theoretical mass: 124.0369. 

1H NMR (600 MHz, DMSO) δ 7.63 (bs, 1H), 5.35 (d, J = 5.4 Hz, 1H), 4.02-3.95 (m, 

1H), 3.18-3.12 (m, 1H), 3.11-3.04 (m, 1H), 2.28-2.21 (m, 1H), 1.79-1.69 (m, 1H). 

13C NMR (151 MHz, CDCl3) δ 176.7, 68.4, 37.5, 30.5. 

 

2.4 Results and Discussion 

We have synthesized three polymers with different pendant nucleophiles: an 

amine, an alcohol, and a thiol. Preparation of a polymer series not only allows 

comparison of their degradation, but also examination of what chemistries are compatible 

with cyclization. Previous intramolecularly cyclizing polymers did not include pendant 

alcohols as nucleophiles. Our incorporation of an alcohol thus broadens the range of 

chemistries that can be used to trigger degradation. Degradation by cyclization does not 

occur with analogous thiol nucleophiles in this series. Polymer properties were also 

compared in polymeric particles, which could be used for drug delivery or other 

applications. 
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Scheme 2.2. Synthesis of monomers. Reagents and conditions: a) 15, Et3N, MeCN, 
reflux, 61%; b) i) bromoacetyl bromide, Et3N, MeCN, 0 oC; ii) NaHCO3, DMF, 45% over 
two steps, c) p-toluenesulfonic acid, 2,2-dimethoxypropane, CH2Cl2, 95%; d) i) borane, 
THF 0 oC; ii) 4-nitrophenyl chloroformate, pyridine, CH2Cl2, 0 oC, 48% over two steps; 
e) i) 4,5-dimethoxy-2-nitrobenzyl alcohol, DMAP, pyridine, CH2Cl2, 0 oC, 68%; (ii) 
THF, H2O, AcOH, 100%; f) i) bromoacetyl bromide, Et3N, MeCN, 0 oC; ii) DMF, 
NaHCO3, 58% over two steps. g) Sodium hydrosulfide, DMF, 0 oC, 80%; h) 15, pyridine, 
DMAP, CH2Cl2, 0 oC, 85%; i) THF, 1 M HCl, 98%; j) i) Trimethylsilyl cyanide, ZnI2, 
CH2Cl2, 0 oC, 98%; ii) HCl (concentrated), 1,4-Dioxane, 50 oC, 59%; k) i) bromoacetyl 
bromide, Et3N, MeCN 0 oC; ii) DMF, NaHCO3, 41% over two steps. 
 

The synthetic routes for the three monomers 3, 8 and 14 are shown in Scheme 2.2. 

The monomer with a pendant amine, monomer 3, was readily prepared from 1. The 

amine of 1 was first protected with the UV light-sensitive ortho-nitrobenzyl protecting 

group using triethylamine and compound 15. Alcohol 2 was then acylated with 

bromoacetyl bromide and subsequently cyclized with sodium bicarbonate to give 

dilactone 3 in a manner similar to that outlined by Pounder et al.43 

To obtain monomer 8 L-malic acid 4 was protected to form acetal 5 following an 

established procedure for D-malic acid.44 Acetal 5 was then reduced with borane to yield 

an alcohol that was immediately reacted with 4-nitrophenyl chloroformate to form 
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carbonate 6. Carbonate 6 was reacted with 4,5-dimethoxy-2-nitrobenzyl alcohol to install 

the light-sensitive protecting group. The acetal was then hydrolyzed to reveal the vicinal 

alcohol and acid of 7. Compound 7 was cyclized to form the dilactone monomer 8 in a 

manner similar to that described for monomer 3.43 

Synthesis of monomer 14 required a distinct route because the ketal protecting 

group proved too labile under the conditions required to generate a thiol from compound 

5. Instead, the protected thiol was formed by a more mild substitution reaction, a 

nucleophilic displacement of the bromine of compound 9 with sodium hydrosulfide, to 

yield thiol 10. Thiol 10 was protected with the ortho-nitrobenzyl protecting group using 

compound 15 to yield compound 11, the acetal of which was hydrolyzed to yield 

aldehyde 12. Aldehyde 12 was treated with trimethyl silyl cyanide and zinc iodide to 

yield a cyanohydrin which was then hydrolyzed to afford acid 13. Compound 13 was 

reacted with bromoacetyl bromide in the same manner as the previous two monomers to 

afford dilactone monomer 14.43 

 

 

 

 

 

 

 

 



91 
 

 

 

Scheme 2.3. Preparation of the three light-degradable polymers 16, 17, and 18a 
Reagents: Triazabicyclodecene was used as catalyst and 19 was used as co-catalyst. 

 

The three monomers were polymerized by organic-catalyzed ring-opening 

polymerization (ROP).45-47 We could not directly follow the method used by Dove et al.43 

for this variety of monomer due to lack of a commercial source for the catalyst (-)-

sparteine. Instead we selected an alternative reported organocatalyst, triazabicyclodecene, 

for ROP (Scheme 2.3).48 Commercially available compound 19, 1-[3,5-

bis(trifluoromethyl)phenyl]-3-[(1R,2R)-(-)-2-(dimethylamino)cyclohexyl]thiourea (R,R-

TUC), was also included as a cocatalyst; the triazabicyclodecene alone was sufficient to 

catalyze ROP, but at a far slower rate. Attempts at polymerization with metal catalysts 

were unsuccessful because of poor solubility in compatible solvents and the high melting 

points (exceeding 180 oC, at which point degradation is observed) of the monomers in 

bulk. Weight-average molecular weights (Mw) of the polymers were determined by gel 

permeation chromotography (GPC) to be 3,800 Da (PDI = 1.2) for polymer 16, 19,200 

Da (PDI = 1.5) for polymer 17, and 12,200 Da (PDI = 1.5) for polymer 18 using PMMA 

standards. Side reactions during ROP were a limiting factor in MW for the polymers. 

Polymer 16’s MW appeared to be the most limited of the three polymers by side 
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reactions like transcarbamation, though polymer 17 and 18 also suffered from analogous 

side reactions to a lesser extent. This resulted in higher PDIs and lower number average 

molecular weights than predicted from monomer and initiator ratios (Table 2.S1).  

Towards characterizing the polymers’ degradation, we first compared the 

photocleavage efficiencies of the carbamate, carbonate, and thiocarbonate photocleavable 

protecting groups in polymers 16, 17, and 18 respectively. Polymers were irradiated with 

UV light (1 mW/cm2) for the specified times, up to 18 min, and the change in absorbance 

at 346 nm was monitored. The peak at 346 nm, corresponding to the 4,5-dimethoxy-2-

nitrobenzyl protecting group decreased, while a new peak at 400 nm, associated with the 

cleaved 4,5-dimethoxy-2-nitrosobenzaldehyde, formed (Figure 2.S5a-c).49 The percent 

absorbance was plotted over time (Figure 2.S5d). The three protecting groups are quite 

similar in sensitivity, though the carbonate protecting group of polymer 17 is slightly less 

sensitive than the other two. 
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Figure 2.1. GPC traces of a) polymer 17 and b) polymer 18 following 15 min irradiation 
(1 mW/cm2) and subsequent incubation for the specified times at 37 oC. Irradiation was 
brief to minimize side reactions. 
 

We then attempted to monitor polymer degradation by gel permeation 

chromatography. Each polymer was dissolved in 9:1 acetonitrile/phosphate buffer pH 7.4 

and irradiated for 15 min (1 mW/cm2), then incubated at 37 oC for specified times before 

concentrating the samples and analyzing by GPC. The 15 min of irradiation at this 

concentration is only enough to cleave a minor percentage of the protecting groups, 

avoiding substantial changes in the polarities of polymers 17 and 18. Even with this low 

level of irradiation, polymer 16 underwent a substantial change in polarity, causing 
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interactions with the GPC columns that impeded interpretation (Figure 2.S7a, 2.S8a). 

Polymer 17 was amenable to GPC following irradiation; the initial irradiated trace (blue) 

shifted to longer elution times following incubation for 30 min (red) and 1 h (black) 

(Figure 2.1a). This indicates a shift to lower molecular weight fragments, consistent with 

intramolecular cyclization. The minor difference between the 30 min and 1 h traces 

suggests that the intramolecular cyclization reactions of polymer 17 are quite rapid, 

largely completing within 30 min of incubation.  This change is not associated with 

hydrolysis as no shift occurs in the non-irradiated control over this 1 h timescale (Figure 

2.S7b). The molecular weight of polymer 18 did not change in 1 h (Figure 2.1b), and 

changes were not apparent until after 4 h of incubation (Figure 2.S8c). As this amount of 

time is compatible with hydrolysis of exposed thiocarbonate protecting groups (Figure 

2.1b), we infer that this structure did not cyclize appreciably at this temperature and the 

apparent degradation was unrelated to breaking of the polymer backbone. 1H NMR 

spectroscopic studies on polymer 18 and model small molecules found no evidence of 

cyclic products at biologically relevant temperatures. This result is not surprising, as the 

cyclization would necessitate an enthalpically unfavorable conversion of an ester to a 

thioester. The reaction would be entropically favorable at higher (less biologically 

relevant) temperatures.   

Next, we sought to confirm that cyclizations driven by the pendant amine and 

alcohol nucleophiles contribute significantly to the degradation of polymers 16 and 17. 

While identifying small cyclic degradation products would be the most direct means of 

confirming the mechanism, polymers 16 and 17 are not compatible with such an 

approach. Small products are only formed when two adjacent protecting groups are 



95 
 

 

removed, so generating sufficient quantities of such products for detection by NMR 

requires removal of most protecting groups. Such thorough deprotection would require 

intense and lengthy irradiation, which is not practical for on-demand release. Thus, we 

synthesized two model polymers with conventional protecting groups that could be 

completely removed by chemical means (Scheme 2.4). Using these model polymers, 22 

and 26, the degradation products of these backbones were studied and the presence of 

significant quantities of cyclic compounds was confirmed.  

Model polymer 22, analogous to polymer 16, was prepared with a Boc in place of 

the light-sensitive protecting group, by a method similar to that used for polymer 16. Boc 

protection of compound 1 yielded alcohol 20, which was acylated with bromoacetyl 

bromide and subsequently cyclized with sodium bicarbonate to give dilactone 21. 

Monomer 21 proved difficult to polymerize, possibly due to an even stronger tendency 

towards transcarbamation than monomer 3. Using Sn(Oct)2 as a catalyst instead of the 

previously used organic catalyst provided low molecular weight polymer 22 (4,000 Da; 

PDI=1.2).  

The model polymer analogous to polymer 17, polymer 26, was prepared 

incorporating a silyl protecting group for the alcohol. Using methods adapted from the 

synthesis of polymer 17, compound 5 was reduced with borane, then protected with tert-

butyl(chloro)diphenylsilane. The bulky protecting group was chosen to minimize 

deprotection of the silyl protecting group in the subsequent deprotection of ketal 23 with 

acetic acid to yield carboxylic acid 24. Carboxylic acid 24 was readily converted into 

dilactone monomer 25, using bromoacetyl bromide, which then was polymerized using 

the same technique as for the photosensitive polymers. 
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Scheme 2.4. Synthesis of the model polymer. Reagents and conditions: a) Boc2O, K2CO3, 
H2O, 1,4-dioxane b) bromoacetyl bromide, Et3N, MeCN, 0 oC, c) DMF, NaHCO3, 25% 
over two steps, d) Sn(Oct)2, 125 oC, 29%. Synthesis of the silyl-protected model polymer. 
e) borane, THF, 0 oC, f) TBDPSCl, pyridine, CH2Cl2, 59% over two steps, g) THF, H2O, 
AcOH, 73%, h) bromoacetyl bromide, Et3N, MeCN, 0 oC, i) DMF, NaHCO3, 15% over 
two steps, j) 19, MeOH, triazabicyclo[4.4.0]dec-5-ene, CH2Cl2, 48%. 

 

To confirm the presence of cyclic degradation products for polymer 22 and 

polymer 26, they were deprotected with TFA and TBAF, respectively, and allowed to 

degrade. The deprotected materials were dissolved in deuterated buffer solutions prior to 

analysis by 1H NMR spectroscopy. Minimal changes occurred in the spectra over time, 

indicating that degradation had reached near completion before samples could be 

analyzed by 1H NMR spectroscopy, possibly during sample preparation or deprotection. 

Cyclic components were identified in the 1H NMR spectra by comparison to predicted 

product spectra. Due to the nature of the ROP, the glycolic acid and the α-hydroxyl acid 

with a pendant nucleophile do not alternate perfectly, though certain patterns should be 

more likely due to steric interactions. This means that degradation could yield multiple 

cyclic products (Figure 2.2a,b). 
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Figure 2.2. a) Deprotection and subsequent degradation of model polymer 22 to likely 
cyclic degradation products and 1H NMR spectra of degradation products of polymer 22 
(upper) and compound 27 (lower). b) Deprotection and subsequent degradation of model 
polymer 26 to likely cyclic degradation products and 1H NMR spectra of degradation 
products of polymer 26 (upper) and compound 28 (lower). 

 

The two most readily synthetically accessible predicted products are compounds 

27 and 28. Compound 27 was prepared using a slightly modified method for a similar 

lactam,50 and compound 28 was readily obtained following a procedure developed by 

Denmark and Yang.51 The peaks corresponding to these compounds were easily located 

in the degraded polymer spectra, confirming cyclization (Figure 2.2a,b). Peaks likely 

consistent with other cyclic products are also present in the degraded polymer spectra; the 
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substantial difference between the methylene protons vicinal to the alcohol at 2-2.5 ppm 

is characteristic of those methylene protons when fixed in a ring. This evidence validates 

intramolecular cyclization as the major means of degradation for polymers of this 

backbone design upon deprotection. 

 

 

Figure 2.3. TEM micrographs of a) NP 16, b) NP 17, and NP 18. 

 

The three polymers were then formulated into nanoparticles to compare their 

degradation in a hydrophobic assembly and their potential for light-triggered release. 

Nanoparticles were formulated by single emulsion, both empty (Figure 2.3) and 

encapsulating Nile red (Figure 2.S8a-c). The degradation of empty particles was 

continuously monitored by DLS following irradiation for 15 sec (0.181 W/cm2) (Figure 

2.4b). The count rate for irradiated particles composed of polymer 16 decreased more 

rapidly than for the other polymers in the first 30 min following irradiation. This rapid 

degradation likely results from the increase in hydrophilicity upon release of the amine, 

as well as the amine’s high nucleophilicity, allowing rapid intramolecular cyclization. 

Particles composed of polymer 17, NP 17, also rapidly degrade, but with a less 

substantial initial drop in the first 30 min. To avoid inclusion of the initial rapid decrease, 
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which may be a result of hydrophobicity changes, the rate of count rate decrease from 30 

min to 4.5 h for NP 16-18 was determined (Table 2.S2). Irradiated NPs 17 and 18 

decrease in count rate roughly 2.5 times faster than non-irradiated nanoparticles and 

irradiated NP 18, likely due to their ability to degrade by intramolecular cyclization. The 

count rate decreases at roughly the same rate in irradiated and non-irradiated NP 18, 

consistent with an absence of appreciable intramolecular cyclization. Particles formulated 

with PLGA behaved identically when irradiated and not irradiated under these conditions 

(Figure 2.4d). 

 

Figure 2.4. a) TEM of NP 16 after irradiation at 320-390 nm (0.181 W/cm2) for 15 sec 
and overnight incubation at 37 oC. DLS count rate of b-c) NP 16, NP 17 and NP 18 either 
b) irradiated at 320-390 nm (0.181 W/cm2) for 15 sec or c) not irradiated, then incubated 
at room temperature in 1X PBS (pH 7.4), and d) PLGA particles either irradiated under 
the above conditions or not irradiated, then incubated at room temperature in 1X PBS 
(pH 7.4).  
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To confirm NP degradation, transmission electron micrographs (TEMs) of 

irradiated and non-irradiated particles were also obtained. In agreement with the DLS 

data, particle densities of NP 16 and NP 17 were markedly lower after 15 sec irradiation 

(0.181 W/cm2) and overnight incubation at 37 oC. After irradiation NP 16 (Figure 2.4a) 

and NP 17 (Figure 2.S4c, d) also contained substantial quantities of aggregates with no 

clear spherical structure, likely material from degraded particles. Irradiated NP 18 (Figure 

2.S4e, f) still had substantial numbers of intact particles, though the particles did appear 

to aggregate more following irradiation.  

To assess utility for triggered release, particles were also formulated 

encapsulating the fluorescent dye Nile red (NP-NR). Nile red is fluorescent in 

hydrophobic environments, such as the interior of a hydrophobic nanoparticle, and is 

quenched by water. Upon irradiation with UV light (1 mW/cm2), Nile red fluorescence 

was rapidly quenched in all three particles, but most quickly in NP-NR 16 and NP-NR 

17, which are composed of the polymers that degrade rapidly through cyclization (Figure 

2.S6d). Rapid quenching is indicative of substantial structural changes to the particles, 

allowing both release of Nile red and water influx. Particles are stable over at least 4 h 

when not irradiated (Figure 2.S6e). 

 

2.5 Conclusions 

We have prepared three novel polymers with a poly(lactide-co-glycolide)-type 

backbone that contain pendant protected nucleophiles. In polymers containing pendant 

alcohols or amines, polymer degradation following deprotection is accelerated by 

intramolecular cyclization events that cause breaks in the polymer backbone. This should 
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allow these already biodegradable polymers to be used in applications requiring triggered 

degradation, such as drug delivery. This backbone has the potential to support a variety of 

protecting groups sensitive to different triggers, providing opportunities for future 

investigation. 

 

2.6 Abbreviations 

UV, ultraviolet; MeCN, acetonitrile; DMF, dimethylformamide; THF, 

tetrahydrofuran; DMAP, 4-dimethylaminopyridine; AcOH, acetic acid; PMMA, poly 

(methyl methacrylate); PDI, polydispersity Index; TBDPSCl, tert-

butyldiphenylchlorosilane; TFA, trifluoroacetic acid; TBAF, tetra-n-butylammonium 

fluoride; ppm, parts per million; PBS, phosphate buffered saline. 
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2.9 Supplementary 

Abbreviations Supplementary: DMF = dimethylformamide, EtOAc = ethyl acetate, Et3N 

= triethylamine, MeCN = acetonitrile, MeOH = methanol, DCM = dichloromethane, THF 
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= tetrahydrofuran, AcOH = acetic acid, DMAP = 4-dimethylaminopyridine, TBDPSCl = 

tert-butyl(chloro)diphenylsilane, PBS = phosphate buffered saline, PLGA = poly(lactic-

co-glycolic acid), TFA = trifluoroacetic acid, TBAF = tetra-n-butylammonium fluoride, 

TEM = transmission electron microscopy, PDI = polydispersity index, UV = ultraviolet, 

DLS = dynamic light scattering, GPC = gel permeation chromatography 
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Scheme 2.S1. Synthesis of the desired monomer. Reagents and conditions a) Et3N, 
MeCN, reflux, 61 %; b) bromoacetyl bromide, Et3N, MeCN; 0 oC,  c) sodium 
bicarbonate, DMF, 45 % over two steps. 
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Scheme 2.S2. Synthesis of the desired monomer. Reagents and conditions a) p-
toluenesulfonic acid, 2,2-dimethoxypropane, CH2Cl2, 95.2 %; b) borane, THF; 0 oC, c) 4-
nitrophenyl chloroformate, pyridine, CH2Cl2, 0 oC to r.t., 47.7%; d) 4,5-dimethoxy-2-
nitrobenzyl alcohol, DMAP, pyridine, CH2Cl2, 0 oC to r.t., 67.6 %; e) THF, H2O, AcOH, 
100%; f) bromoacetyl bromide, Et3N, MeCN; 0 oC, g) DMF, NaHCO3, 57.7 % over two 
steps.  
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Scheme 2.S3. Synthesis of the desired monomer. Reagents and conditions a) Sodium 
hydrosulfide, DMF, 0 oC to r.t., 80.4%; b) Compound 2, pyridine, DMAP, CH2Cl2, 0 oC 
to r.t., 85.2%; c) THF, 1M HCl, 97.8%; d) Trimethylsilyl cyanide, ZnI2, CH2Cl2, 0 oC, 
97.7%; e) HCl (Concentrated), 1,4-Dioxane, 50 oC to r.t., 59.4%; f) bromoacetyl 
bromide, Et3N, MeCN; 0 oC,  g) DMF, NaHCO3, 41.0% over two steps. 
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Table 2.S1. Mw and Mn observed (determined by gel-permeation chromatography (GPC) 
relative to Poly(methyl methacrylate)standards) and theoretical Mn determined by 
initiator [I] and monomer [M] ratio. 
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Scheme 2.S4. Synthesis of the Boc-protected model polymer. Reagents and conditions a) 
Boc2O, K2CO3, H2O, 1,4-dioxane,1 b) bromoacetyl bromide, Et3N, MeCN; 0 oC, c) DMF, 
NaHCO3, 24.7 % over two steps, d) Sn(Oct)2, 125 oC, 28.6 %.  
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Scheme 2.S5. Synthesis of the silyl-protected model polymer. Reagents and conditions a) 
2,2-dimethoxypropane, PTSA, CH2Cl2,2 b) BH3, THF, 0 oC, c) TBDPSCl, pyridine, 
CH2Cl2, 59.0 % over two steps, d) THF, H2O, AcOH, 73.2 %, e) bromoacetyl bromide, 
Et3N, MeCN; 0 oC, f) DMF, NaHCO3, 15.3 % over two steps, g) 19, MeOH, 
triazabicyclo[4.4.0]dec-5-ene, CH2Cl2, 48.3 %.  
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Scheme 2.S6. Synthesis of model compound 27. Reagents and conditions a) alumina, 
toluene, reflux. Compound 28 was synthesized using previously described literature 
methods.  
 

Dynamic Light Scattering (DLS) and Transmission Electron Microscopy 

(TEM). Hydrodynamic sizes of nanogels were measured by Zetasizer (Malvern, United 

Kingdom). TEM images were obtained by 120 kV FEI Spirit (FEI, Oregon, USA) 

 

 

Figure 2.S1. Size distribution of empty particles and PDI by DLS. 

 

Nanoparticle formulation (empty). 10 mg polymer was dissolved in 200 µL 

chloroform, which was then added to 8 mL of 3% PVA in water. The mixture was 

sonicated using a 1/8 inch tip sonicator (Misonix S-4000) at about 9.5 W for 5 min. 

Particle solution was stirred at r.t. for 1 h, followed by rotavap at 40oC to completely 

remove the organic solvent.  The particle solution was then washed with Hyclone water 
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by tangential flow filtration through 500 kDa Pellicon XL cassettes (Millipore). 100 mg 

of Trehalose was added to the particle solution, which was then frozen by liquid nitrogen 

and lyophilized. Particles were formulated from polymers 16, 17, 18 and PLGA to yield 

nanoparticles NP 16, NP 17, NP 18 and PLGA particles respectively.  

 

 

Figure 2.S2. Size distribution of Nile red loaded particles and PDI by DLS. 

 

Nanoparticle formulation (Nile red loaded). 13 mg polymer was dissolved in 

200 µL dichloromethane and combined with 100 µL of Nile red solution in CH2Cl2 0.13 

mg/mL, which was then added to 6 mL of 1% PVA in water. The mixture was sonicated 

using a 1/8 inch tip sonicator (Misonix S-4000) at about 9.5 W for 5 min. Particle 

solution was stirred at r.t. for 2 h under light vacuum to completely remove the organic 

solvent.  The particle solution was then washed with Hyclone water by tangential flow 

filtration through 500 kDa Pellicon XL cassettes (Millipore). 120 mg of Trehalose was 

added to the particle solution, which was then frozen by liquid nitrogen and lyophilized. 
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Particles were formulated from polymers 16, 17, and 18 to yield nanoparticles NP-NR 16, 

NP-NR 17, and NP-NR 18 respectively. 

 

Degradation study with DLS. Lyophilized particles were resuspended in 1X 

PBS (pH 7.4) at 50 µg/mL. 25 µL of the particle solution was added to 1 mL of 1X PBS 

(pH 7.4) in a UV-transparent cuvette (dimension: 12.5 x 12.5 x 45 mm). The particle 

solution was irradiated with a band-pass filter (320 to 390 nm) at 0.181 W/cm2 for 15 sec. 

DLS was used to monitor the size, PDI and count rate continuously immediately after 

irradiation.  

 

Table 2.S2. Degradation kinetics of nanoparticles from 30 min to 4.5 h. Calculated from 
linear fitted slopes of Figure 4bc particle count rates. 
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Figure 2.S3. Additional TEM micrograps of a,b) NP 16, c,d) NP 17, and e,f) NP 18 
without irradiation. 
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Figure 2.S4. Additional TEM micrograps of a,b) NP 16, c,d) NP 17, and e,f) NP 18 
following irradiation. 
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Change in absorbance upon irradiation. A polymer solution of each light 

sensitive polymer (16, 17 and 18) was prepared at 0.094 mg/ mL in CH2Cl2. The 

Solutions were adjusted slightly by addition of CH2Cl2 to give roughly equal maximum 

absorbances. The polymer solutions were irradiated in quartz cuvettes (1 mW/cm2) for 

the specified times and UV/visible absorbance spectra were acquired. The experiment 

was done in triplicate for each polymer. 

 

 

Figure 2.S5. UV absorbance spectra upon irradiation with UV light of a)Polymer 16 b) 
Polymer 17 c) Polymer 18. Polymers were irradiated for a total of 18 min with a 
spectrum recorded at 0 min and every minute thereafter. d) The change in absorbance at 
346 nm upon irradiation for the three polymers. 
 

Quenching of encapsulated Nile red. Lyophilized particles were resuspended in 

1X PBS (pH 7.4) at 0.88 mg/mL. 1 mL of the particle solution was placed in a 



117 
 

 

transparent fluorimeter cuvette (dimension: 12.5 x 12.5 x 45 mm). The particle solution 

was irradiated at (1 mW/cm2) for the specified times, or not irradiated and incubated at 37 

oC, then fluorescence was measured (excitation: 550 nm, emission: 625nm). Experiments 

were repeated in triplicate for each material. 

   

 

Figure 2.S6. SEM images of particles encapsulating Nile red a) NP 16 b) NP 17 c) NP 18 
formulated by single emulsion. d) Fluorescence quenching of Nile Red encapsulated in 
polymeric nanoparticles upon irradiation with UV light (1 mW/cm2) and e) fluorescence 
quenching of Nile red encapsulated in non-irradiated particles following incubation at 37 
oC.  
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Polymer Degradation 

 

Figure 2.S7. GPC traces of a) polymer 16 b) polymer 17, and c) polymer 18 incubated for 
the specified times at 37 oC without irradiation. 
 

 

Figure 2.S8. GPC traces of a) polymer  16 b) polymer 17 and c) polymer 18 following 15 
min irradiation (1 mW/cm2) with additional timepoints beyond those shown in Figure 1a 
and 1b for polymers 17 and 18. 
 

Degradation of polymers 16, 17, and 18 followed by GPC (Figure 2.S7, S8). 

The polymer was dissolved in a mixture of acetonitrile and PBS(1X) 90:10 at a 0.2 

mg/mL concentration. Irradiated samples were irradiated in a Luzchem photoreactor for 

15 min (1 mW/cm2). The samples were incubated at 37 oC for the specified times. At the 

given times the samples were concentrated at 30 oC, dissolved in DMF with 0.01% LiBr, 

and analyzed by gel permeation chromatography monitoring at 320 nm. 

Degradation of polymers 22 and 26 followed by 1HNMR spectroscopy.  

Polymer 22 (10 mg) was dissolved in a 1:1 mixture of CH2Cl2/TFA (0.8 mL) and was 

stirred 2 h. The solvent was concentrated and the material was dissolved in CH2Cl2 and 

concentrated 3X more. The material was dissolved in CH2Cl2 and run through a plug of 
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NaHCO3. The solvent was concentrated. The resulting colorless oil was dissolved in 

deuterated phosphate buffer pH 7.4 (0.1 M) and 1H NMR spectra were taken. 1H NMR 

spectra of compound 27 was taken in the same solvent for comparison.  

Polymer 26 (10 mg) was dissolved in THF (1.5 mL) and TBAF (13.1 mg) was 

added. Allowed to react 15 h then concentrated. Resulting colorless oil was dissolved in 

D6 DMSO and deuterated phosphate buffer pH 7.4 (0.1 M) 1:1 mixture and 1HNMR 

spectra were taken. 1H NMR spectra of compound 28 was taken in the same solvent 

mixture for comparison. 
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CHAPTER 3 

Light-Triggered Chemical Amplification to Accelerate Degradation and Release from 

Polymeric Particles 

 

3.1 Abstract 

Herein, we describe a means of chemical amplification to accelerate triggered 

degradation of a polymer and particles composed thereof. We designed a light-degradable 

random copolymer containing both carboxylic acids masked by photolabile groups and 

ketals. Cleavage of the photocages allows the unmasked acidic groups in the polymer 

backbone to accelerate ketal hydrolysis, through intramolecular acid catalysis, even at 

neutral pH. Whereas triggered release using most light-degradable polymers requires 

lengthy irradiation times that may damage biological systems, release of cargo from 

nanoparticles composed of this polymer requires only a few minutes of low-power 

irradiation. 

 

3.2 Introduction 

On-demand or environmentally triggered disassembly of polymers is a widely 

sought-after goal, as such materials would be tremendously useful in a broad range of 

industries, including healthcare, cosmetics, agriculture, and electronics.1,2 Despite this, 

few synthetic polymers degrade with high sensitivity in response to specific stimuli. Most 

current 
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degradable materials are unresponsive to the often subtle changes found in biological 

systems or, in the case of photodegradable polymers, require long, intense irradiation that 

may not be biologically compatible. This limitation results from the fact that most of 

these materials convert each signaling event to only one chemical change, such as a 

single break in the polymer backbone3-5 or a change in hydrophobicity of one monomeric 

unit.6,7  

Self-immolative polymers can amplify responses to stimuli via head-to-tail 

depolymerization and have thus been developed to circumvent this limitation.8-10 

However, most of these materials rely on slow intramolecular rearrangements to degrade 

their backbone,11-15 ultimately slowing down depolymerization. Alternatively, self-

immolative polymers containing more labile bonds have also been developed,16,17 but 

these bonds are likely not resilient enough to escape degradation in a physiological 

setting, even in the absence of the intended stimulus. Here, we have designed a polymer 

in which photocleavage unmasks acidic groups in the polymer backbone that then 

provide intramolecular assistance to ketal hydrolysis18 so that minimal signal, in this case 

brief, low-power UV irradiation, triggers significant polymer degradation. This strategy 

should allow faster release  with less irradiation than existing light-degradable 

polymers.19-21  

 

3.3 Materials and methods   

All chemicals and solvents were purchased from Sigma-Aldrich and used as 

received unless specified. Anhydrous solvents were acquired from a solvent purification 

system (LC Technology Solutions Inc., SP-1). Silica gel flash column chromatography 
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was performed using an automated CombiFlash® Rf 200 system. Polymer 1 was 

analyzed by GPC using a Agilent 1100 Series HPLC system equipped with RI, Agilent 

1260 Light Scattering and PDA detectors and a Waters Styragel HR 2 size-exclusion 22 

column with 0.1% LiBr/DMF as eluent and flow rate of 1 mL/min at 37 °C. 

Monodisperse poly(methylmethacrylate) (PMMA) standards were used to determine the 

molecular weight and PDI of polymer 1. 1H NMR and 13C NMR spectra were acquired 

using a Varian spectrometer working at 600 MHz and 150 MHz respectively. Chemical 

shifts (δ) are reported in ppm relative to TMS, and coupling constants (J) are reported in 

hertz. High-resolution mass spectra were acquired using an Agilent 6230 ESI-TOFMS in 

positive ion mode. Irradiation with UV light was done with a Luzchem LZC-ORG 

photoreactor equipped with 8 UV-A lamps with a power of 1.35 mW/cm2 and a 10 

mW/cm2, λex = 320-480 nm, OmniCure S2000 Curing System. Particles were formulated 

using a Qsonica Sonicator 4000 and purifiedby tangential flow filtration Millipore 

Pellicon XL, 500 kDa. Particles were characterized by DLS, Malvern Instruments 

Nanosizer, scanning electron microscopy (SEM, Agilent 8500 FE-SEM), and 

transmission electron microscopy (TEM, Tecnai FEI Spirit). Fluorescence was measured 

using a Horiba Jobin Yvon FL-1000 fluorimeter and in cells a Molecular Devices 

SpectraMax M5 plate reader. Fluorescence microscopy images were acquired with a 

Nikon TS100F.  

 

Compound 3. Compound 6 (1.00 g, 4.7 mmol), compound 2. dicyclohexylamine (3.25 g, 

6.2 mmol) and DMAP (1.15 g, 9.38 mmol) were dissolved in DCM (48 mL). EDC (1.46 

g, 9.4 mmol) was added to the solution dropwise and the mixture was allowed to react for 
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14 h. The reaction mixture was diluted with DCM (50 mL) and extracted 3 times (100 

ml) with 1 M HCl. The organic layer was dried over MgSO4 and concentrated. The 

resulting yellow oil was purified by silica column (3:7 Ethyl Acetate/ Hexane) to yield 

compound 3 as a yellow solid (1.32 g, 52 %). 

HRMS: composition: C25 H39 N3 O10; measured mass 564.2527; theoretical mass 

564.2528. 

 

1H NMR (600 MHz, CDCl3) δ 7.70 (s, 1H), 7.04 (s, 1H), 5.60 (d, J = 14.9 Hz, 1H), 5.51 

(d, J = 14.9 Hz, 1H), 5.21-5.12 (m, 1H), 4.62 (bs, 1H), 4.36-4.28 (m, 1H), 4.00 (s, 3H), 

3.94 (s, 3H), 3.15-3.01 (m, 2H), 1.94 – 1.79 (m, 2H), 1.77 – 1.64 (m, 2H), 1.53-1.44 (m, 

2H), 1.43 (s, 9H), 1.40 (s, 9H).  

13C NMR (151 MHz, CDCl3) δ 172.7, 156.3, 155.76, 153.9, 148.4, 139.8, 127.1, 110.5, 

108.4, 80.1, 79.3, 64.0, 56.8, 56.5, 53.8, 40.0, 34.0, 29.8, 28.5, 28.4, 22.6. 

 

Compound 4. Compound 3 (2.071 g, 3.82 mmol) was dissolved in DCM (5 mL) and TFA 

(5 mL) and stirred for 1 h. The reaction mixture was concentrated. The resulting yellow 

oil was dissolved in DCM (10 ml) and concentrated 3 more times. The yellow oil was 

then dissolved in DCM (18.5 mL) and DMF (18.5 mL) and chilled to 0 oC. Et3N (3.19 

mL, 22.9 mmol) was dripped into the solution slowly. Acryloyl chloride ( 0.68 mL, 8.41 

mmol) was dripped into the reaction mixture over a period of 10 min. The reaction was 

quenched after 1 h by addition of 0.05 M HCl (50 mL). The mixture was extracted 3 

times with DCM (75 mL). The combined organic was dried over MgSO4 and 
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concentrated. The resulting yellow oil was purified by silica column (3% MeOH in 

DCM) to yield compound 4 as a yellow solid (0.837 g, 48.5 %). 

HRMS: composition: C21 H27 N3 O8; measured mass 472.1692; theoretical mass 

472.1690. 

 

1H NMR (600 MHz, DMSO) δ 8.58 (d, J = 7.1 Hz, 1H), 8.07 (t, J = 5.5 Hz, 1H), 7.71 (s, 

1H), 7.19 (s, 1H), 6.32 (dd, J = 17.1, 10.2 Hz, 1H), 6.18 (dd, J = 17.1, 10.2 Hz, 1H), 6.11 

(dd, J = 17.1, 2.0 Hz, 1H), 6.05 (dd, J = 17.1, 2.2 Hz, 1H), 5.65 (dd, J = 10.2, 2.0 Hz, 

1H), 5.55 (dd, J = 10.2, 2.2 Hz, 1H), 5.48 – 5.41 (m, 2H), 4.42 – 4.34 (m, 1H), 3.93 (s, 

3H), 3.87 (s, 3H), 3.16 – 3.06 (m, 2H), 1.83 – 1.75 (m, 1H), 1.74-1.65 (m, 1H), 1.51 – 

1.40 (m, 2H), 1.39-1.30 (m, 2H). 

 

13C NMR (151 MHz, DMSO) δ 171.8, 164.9, 164.4, 153.4 147.86, 139.34, 131.82, 130.9, 

126.4, 124.7, 110.7, 108.2, 99.5, 63.0, 56.3, 56.1, 52.3, 38.1, 30.3, 28.6, 22.8.  

 

Polymer 1. Compound 4  (150 mg, 0.33 mmol) and Compound 5 ( 90 mg, 0.33 mmol) 

were dissolved in DMSO (0.9 mL). Triethylamine ( 0.28 mL, 2.00 mmol) then 1,3-

propanedithiol ( 72 mg, 0.67 mmol) were added to the solution dropwise. The reaction 

was stirred at room temperature for 140 h. The reaction mixture was quenched by 

precipitating with cold ether (40 mL). The polymer was further purified by dissolving in 

DCM and precipitating into cold ether three (40 mL) times to yield yellow polymer (131 

mg, 42 %). Molecular weight of 13900 Da, PDI of 1.71 (characterized by GPC relative to 

poly(methyl methacrylate) standards).  
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1H NMR (600 MHz, d6 DMSO) δ 8.39-8.34 (m 1H), 7.97-7.90 (m, 2H), 7.85 (s, 1H), 

7.70 (s, 1H), 7.19 (s, 1H), 5.42 (s, 2H), 4.29 (m, 1H), 3.94 (s, 3H), 3.866 (s, 3H),3.40-

3.30 (m, 4H), 3.19-3.13 (m, 4H), 3.05-2.97 (m, 2H), 2.81-2.61 (m, 8H), 2.61-2.51 (m, 

8H), 2.47-2.27 (m, 8H), 1.91-1.60 (m, 6H), 1.46-1.29 (m, 4H), 1.28-1.23 (s,6H). 

 

3.4 Results and Discussion 

Our design was inspired by the extensive literature on rates and mechanisms of 

ketal hydrolysis21,22, degradation rates of polyketals22, and disassembly of ketal-modified 

polymeric particles.23-27 Ketal hydrolysis rates are known to vary with hydrophilicity28,29, 

and water accessibility affects the kinetics of disassembly and degradation of particle 

assemblies containing ketals either within the backbone30,31 or as pendant groups.32 These 

findings inspired hydrophobic-hydrophilic switching mechanisms to exert further control 

over particle disassembly and/or degradation.30 More recently, our group applied 

intramolecular assistance of acids, to accelerate the degradation of polyketals33, the 

degradation occurred much more rapidly (in hours) than in comparable hydrophilic 

polymers (in days)22 at the same buffered pH but containing no intramolecular acids. 

Here we employ the same concept to a light-degradable particle. We incorporate 

photoacids as pendant groups into a polyketal backbone, from which we formulate 

particles. Cleavage of the photocage upon UV irradiation unmasks a carboxylic acid. This 

both releases acid groups in the vicinity of the backbone ketals (not necessarily adjacent 

along the backbone; polymer entanglement in a nanoparticle would juxtapose groups that 

would be distant from one another in dilute solution), and makes the polymer more 

hydrophilic, both of which facilitate ketal hydrolysis. We then formulated the polymer 
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into nanoparticles to examine whether this strategy allows nanoparticle disassembly and 

cargo release in response to brief, low power irradiation. 

 

 

Scheme 3.1. Synthesis of polymer 1. a) EDC, DMAP, DCM, (compound 2 used as the 
dicylohexylamine salt), 52%; b) i) TFA, DCM ii) acryloyl chloride, Et3N, DCM, 0 oC, 
49%; c) 5, 1,3-propanedithiol, Et3N, DMSO, 42%. 
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To synthesize a polymer containing both ketal moieties and protected acid 

functions, we prepared two monomers that could then be copolymerized (Scheme 3.1). 

The ketal monomer 5 was synthesized using established methods.22 To prepare the 

monomer bearing a protected acid, the di-Boc derivative of lysine 2 was esterified by 

EDC coupling with 4,5-dimethoxy-2-nitrobenzyl alcohol 6 to form lysine derivative 3. 

Ortho-nitrobenzyl alcohol 6 was chosen as a photolabile protecting group due to its 

commercial availability, relatively high tolerance to subsequent reactions, and its well-

characterized photochemistry.34,35 Though the low tissue penetration of UV light required 

for photolysis of this protecting group limits biological relevance, here we are interested 

in demonstrating the concept of triggered chemically amplified degradation of a polymer 

backbone and showing its utility in the degradation of polymeric particles. TFA-mediated 

deprotection of the Boc groups of 3 and subsequent acrylation using acryloyl chloride 

afforded 4 in 49% yield over two steps. The two monomers in equal proportions were 

then copolymerized using a Michael addition with 1,3-propanedithiol to yield polymer 1 

with a molecular weight of 12,700 Da and polydispersity index (PDI) of 1.98 as 

characterized by gel permeation chromatography (GPC) relative to poly(methyl 

methacrylate) standards (Figure 3.S1) with 42% yield. The monomers were incorporated 

with equal efficiency as seen by 1H NMR spectroscopy (Figure 3.S2 A), yielding a 

polymer with a 1:1 ratio of hydrolyzable ketals to protected acids. Michael addition 

proved to be an ideal means of polymerization due to its relatively mild conditions, a 

necessity to avoid degradation of the ketal. 

We then monitored polymer degradation using 1H NMR spectroscopy by 

following hydrolysis of the ketal to determine the degradation rate (Figure 3.1ab). 
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Polymer 1 was dissolved in a 9:1 mixture of deuterated DMSO and deuterated phosphate 

buffer at pH 7.4 and phosphate solution at pH 5 and irradiated for times ranging from 0 to 

20 minutes with UV light (1.35 mW/cm2). Irradiation and release of acids did not 

noticeably change the pH of either solution. Though the high proportion of organic 

solvent slows ketal hydrolysis by orders of magnitude,36,37 DMSO was required to 

solubilize the polymer prior to irradiation. Following irradiation substantial amounts of 

the light-sensitive protecting groups still appeared intact; by 1H NMR only half the acids 

were exposed even after 20 min of irradiation (Figure 3.S2). The samples were then 

monitored by 1H NMR spectroscopy at various time points throughout incubation at 37 

oC. Although the ketal peak diminished and the acetone peak grew (Figure 3.1c), the 

percentage of hydrolyzed ketal over time could not be accurately determined because of 

signal overlap. Ketal hydrolysis was instead followed by conversion of the methylene 

protons (Figure 3.1a, protons A) vicinal to the ketal into protons vicinal to an alcohol. 

The initial rate of ketal hydrolysis was determined for each condition (Figure 3.1b). 
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Figure 3.1. a) Degradation scheme of polymer 1. b) Initial rate of ketal hydrolysis at 
varying pH and with varying amounts of irradiation. c) 1H NMR spectra of polymer 
samples after 23 days at pH 7.4 with 20 min UV irradiation (top teal) or without 
irradiation (bottom black). Rates and 1H NMR spectra were obtained in a 9:1 mixture of 
DMSO to aqueous solution. 
 

The initial rate of hydrolysis at pH 7.4 increased with longer irradiation times, 

becoming four times faster after 20 minutes of irradiation than with no irradiation (Figure 

3.1b). Even irradiation for just five minutes led to a doubling of the initial hydrolysis rate. 

Importantly, irradiation for only one min increased the ketal hydrolysis rates at pH 7.4 to 

those of pH 5.0 without irradiation. Finally, irradiation for only 5 min caused the pH 7.4 
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degradation kinetics to be 55% faster than the pH 5.0 degradation kinetics without 

irradiation. Thus, intramolecular acid-assisted hydrolysis overcomes the requirement of 

acidic pH for polyketal degradation. The fastest degradation occurred in the sample 

irradiated for 20 min at pH 5. Comparable polymers containing the same ketal moiety 

have a half-life of roughly 1 h at pH 5 in solutions with a smaller proportion of organic 

solvents, suggesting that this polymer would degrade even more rapidly in biological 

settings.22 A control polymer with benzyl protecting groups (removable by 

hydrogenation), polymer 9, was synthesized (Figure 3.S7) to ensure that degradation was 

caused by release of acids. No substantial difference in rate was observed between 

irradiated and untreated polymer 9. In contrast, degradation was accelerated when 

roughly 50% of the acids of polymer 9 were exposed by hydrogenation (Figure 3.S9). 

These controls clarify that release of acid moieties is the cause of the observed increase in 

degradation kinetics.  

Polymer degradation was also assessed by GPC (Figure 3.S3). While a shift 

towards longer retention times would normally indicate a decrease in molecular weight, 

the immediate shift observed upon irradiation of samples of polymer 1 is too rapid to 

indicate degradation. Instead, it likely results from a change in hydrophilicity caused by 

release of acids, increasing interaction with the column material. Shifts towards longer 

retention times in subsequent time points do support polymer degradation.  

To examine whether this degradation strategy allows rapid light-triggered release, 

we formulated nanoparticles of polymer 1 by single emulsion encapsulating the model 

payloads fluorescein diacetate (FDA) or Nile red (size = 193 ± 23 nm). We first 

examined light-triggered release by measuring fluorescence quenching of nanoparticle-
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encapsulated Nile red. Nile red is fluorescent in the hydrophobic environment of 

nanoparticles, but its fluorescence is quenched in aqueous environments. Rapid 

fluorescence quenching was observed upon irradiation of particles suspended in pH 8.0 

Tris buffer (Figure 3.2a). This quenching is indicative of substantial morphological 

changes, allowing Nile red escape or entry of water into the particles. Particle 

degradation was assessed following irradiation and subsequent incubation at 37 oC by 

dynamic light scattering (DLS) with fixed attenuation. Upon UV irradiation, count rate 

decreased substantially and the PDI increased within 4 h, indicating substantial changes 

in particle morphology and possible degradation (Figure 3.2b). Particles remained 

relatively stable in the absence of irradiation. After 48 h, the count rate of irradiated 

particles was too low to be measured. The underlying morphological changes were 

examined by transmission electron microscopy (TEM) (Figure 3.2c). After irradiation, 

subsequent incubation for 4 h, and then drying at room temperature, particles appeared to 

disintegrate (Figure 3.2d). 
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Figure 3.2. a) Quenching of fluorescence of Nile red encapsulated in nanoparticles of 
polymer 1 following irradiation with UV light. b) count rate of nanoparticles after 
irradiation 5 min (35 mW/cm2, λ = 320-480 nm) by DLS. c) representative TEM 
micrographs of particles prior to irradiation and d) post-irradiation 5 min (35 mW/cm2, λ 
= 320-480 nm) and incubation at 37 oC for 4 h (scale bars = 200 nm). 

 

To confirm that payload is released from the nanoparticles, Raw 264.7 mouse 

macrophage cells were incubated with particles containing FDA (Figure 3.3a) and 

irradiated for 5 min with UV light (10 mW/cm2) (Figure 3.3b). This is a comparable 

power and shorter irradiation time than has been used with materials incorporating this 

photocage in cellular experiments.38,39 This suggests high light sensitivity of the particles 

and tolerance by cells of this level of irradiation, but differences in formulation prevent 

direct comparisons. FDA is a non-fluorescent molecule hydrolyzed by intracellular 

esterases to form the fluorescent compound fluorescein; only released FDA would 

encounter these esterases. UV irradiation led to high intensity cellular fluorescence, while 
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non-irradiated cells did not fluoresce appreciably (Figure 3.3c). This result shows that 

nanoparticles composed of polymer 1 release cargo in the presence of cells without 

changing cellular morphology under irradiation conditions that have minimal impact on 

cellular viability (Figure 3.S6). 

 

 

Figure 3.3. Raw 264.7 mouse macrophage cells incubated (30 min, 37 oC) with 
nanoparticles a) in the absence of irradiation and b) irradiated for 5 min (10 mW/cm2). 
Scale bars = 30 µm. c) Increase in FDA fluorescence; p < 0.001. 
 

Finally, we assessed cellular compatibility by MTT assay in Raw 264.7 mouse 

macrophage cells after treatment with empty nanoparticles  irradiated prior to treatment 

(Figure 3.4), irradiated after incubation with cells (Figure 3.S6) not irradiated and 
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polymer 1 (Figure 3.S5). Neither nanoparticles nor polymer significantly impacted 

mitochondrial activity up to 200 µg/mL, suggesting this material has potential as a drug 

delivery vehicle. Nanoparticle degradation products also appear to have less effect on 

cellular viability than intact nanoparticles (Figure 3.4). 

 

 

Figure 3.4: Nanoparticles of polymer 1 are well-tolerated by Raw 264.7 macrophages. 
MTT assay following 24 h incubation with nanoparticles, either intact or pre-irradiated 
for 5 min with UV light (10 mW/cm2). 
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3.5 Conclusions 

Herein we have demonstrated that unmasking of acids in the polymer backbone to 

accelerate the hydrolysis of ketals at neutral pH is a viable strategy to accelerate polymer 

and particle degradation. This strategy allows significant polymer degradation upon low-

power irradiation. Rapid light-triggered release from polymer 1 nanoparticles 

demonstrates the potential of this strategy for triggered degradation in general; other 

chemical groups could be employed to confer responsiveness to other stimuli. Alternative 

photocages that exploit the tunable sensitivity of this backbone are currently being 

explored. 

 

3.6 Abbreviations 

EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, DMAP = 4-

dimethylaminopyridine, TFA = trifluoroacetic acid, Et3N = triethylamine, DMSO = 

dimethyl sulfoxide, FDA = fluorescein diacetate, DMF = dimethylformamide, TEM = 

transmission electron microscopy, PDI = polydispersity index, UV = ultraviolet, DLS = 

dynamic light scattering, GPC = gel permeation chromatography, HPLC = high pressure 

liquid chromatography, RI = refractive index, PDA = photodiode array. 
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3.9 Supplementary 

Abbreviations Supplementary: EDC = 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide, DMAP = 4-dimethylaminopyridine, TFA = 

trifluoroacetic acid, Et3N = triethylamine, DMSO = dimethyl sulfoxide, FDA = 

fluorescein diacetate, DMF = dimethylformamide, TEM = transmission electron 

microscopy, PDI = polydispersity index, UV = ultraviolet, DLS = dynamic light 

scattering, GPC = gel permeation chromatography, HPLC = high pressure liquid 

chromatography, RI = refractive index, PDA = photodiode array. 
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Figure 3.S1: GPC chromatogram of polymer 1 and compound 4.  

 

Degradation of polymer 1 followed 1H NMR. A concentrated solution of 

polymer 1 (12.5 mg/ mL) was prepared in d6-DMSO. The DMSO stock was divided and 

an appropriate amount of deuterated sodium phosphate buffer at pH 7.4 (0.1 M) and 

sodium phosphate solution at pH 5 were added to make 9:1 solutions of d6-DMSO:PBS.  

The solution was irradiated for 1 to 20 min in a 1.7 mm Bruker NMR tube in a Luzchem 

photoreactor. The samples were then incubated at 37 oC for the specified times. Spectra 

were taken on a 600 MHz Bruker spectrometer after the prescribed incubation times. 
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Figure 3.S2. Degradation of polymer 1 followed 1HNMR. (A-B), 1H NMR spectra of 
polymer 1 a) before, b) following 20 min irradiation (1.35 mW/cm2), or c) following 20 
min irradiation and 1224 h incubation in 9:1 solutions of d6-DMSO:deuterated PBS pH 
7.4. d) Percent hydrolysis of the polymer following the indicated periods of irradiation 
and incubation., Continued 

a) 
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Figure 3.S2. Degradation of polymer 1 followed 1HNMR. (A-B), 1H NMR spectra of 
polymer 1 a) before, b) following 20 min irradiation (1.35 mW/cm2), or c) following 20 
min irradiation and 1224 h incubation in 9:1 solutions of d6-DMSO:deuterated PBS pH 
7.4. d) Percent hydrolysis of the polymer following the indicated periods of irradiation 
and incubation., Continued 

b) 
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Figure 3.S2. Degradation of polymer 1 followed 1HNMR. (A-B), 1H NMR spectra of 
polymer 1 a) before, b) following 20 min irradiation (1.35 mW/cm2), or c) following 20 
min irradiation and 1224 h incubation in 9:1 solutions of d6-DMSO:deuterated PBS pH 
7.4. d) Percent hydrolysis of the polymer following the indicated periods of irradiation 
and incubation., Continued 

c) 
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Figure 3.S2. Degradation of polymer 1 followed 1HNMR. (A-B), 1H NMR spectra of 
polymer 1 a) before, b) following 20 min irradiation (1.35 mW/cm2), or c) following 20 
min irradiation and 1224 h incubation in 9:1 solutions of d6-DMSO:deuterated PBS pH 
7.4. d) Percent hydrolysis of the polymer following the indicated periods of irradiation 
and incubation. 
 

Degradation of polymer 1 followed GPC. Polymer 1 was dissolved in a mixture 

of acetonitrile and PBS 90:10. Two solutions were prepared with pH 7.4 (0.1 M) PBS. 

One of the samples with PBS pH 7.4 was irradiated in a Luzchem photoreactor for 20 

min. The samples were incubated at 37 oC for the 0, 24, 115, and 336 h. At the given 

times the samples were concentrated at 30 oC, dissolved in DMF with 0.01% LiBr, and 

analyzed by gel permeation chromatography monitoring at 320 nm. 

 

d) 
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Figure 3.S3. GPC chromatograms of an a) irradiated and b) control (not irradiated) 
sample of polymer 1 after 0, 24, 115, and 336 h of incubation at 37 oC.  
 

Particle formulation. Polymer 1 (10 mg) was dissolved in DCM (270 µL), and 

combined with fluorescein diacetate (FDA, 2mg) in DMSO (30 µL), or Nile Red (NR, 1 

mg) in DCM (30 µL). The resulting solution was added to sterile-filtered polyvinyl 

alcohol (PVA, 1% w/v) in 10 mM Tris pH 8.0 buffer (6 mL), and probe sonicated for 4 

min at 9-10W (Qsonica Sonicator 4000).  DCM was then removed by stirring at 600 

RPM under house vacuum for 3 h. Remaining PVA was removed by tangential flow 

filtration (Millipore Pellicon XL, 500 kDa) using 10 mM Tris pH 8.0 buffer (250 mL) at 

45 RPM. The retentiate was freeze-dried with 100 mg trehalose as cryoprotectant. The 

size and distribution of particles were determined by dynamic light scattering (DLS, 
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Malvern Instruments Nanosizer), scanning electron microscopy (SEM, Agilent 8500 FE-

SEM), and transmission electron microscopy (TEM, Tecnai FEI Spirit). Loading and 

encapsulation efficiency was assessed by dissolving lyophilized powder in DCM, 

extracting FDA into NaOH (0.1 N) and measuring fluorescence of the aqueous phase 

against a calibration curve in 0.1 N NaOH (Horiba Jobin Yvon FL-1000). 

Particle degradation. Freeze-dried particle powder was re-suspended in Tris pH 

7.4 buffer and irradiated for 5 min (35 mW/cm2,  λex = 320-480 nm, Lumen Dynamics 

Omnicure S2000 Curing System).  Particle degradation was assessed by DLS, SEM, and 

TEM at different timepoints compared to the non-irradiated sample.   

 

 

Figure 3.S4. PDI of nanoparticles after irradiation 5 min (35 mW/cm2, λ = 320-480 nm) 
by DLS. 
 

Nile Red quenching. Freeze-dried Nile Red-containing particles were re-

suspended in 1x PBS pH 7.4 buffer (1 mg/mL). Quenching of Nile Red fluorescence 
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upon degradation and solubility change was followed by the decrease in the 620 nm 

fluorescence peak (Horiba Jobin Yvon FL-1000). Suspensions were irradiated for 1, 3, or 

5s intervals (1.5 mW/cm2, 300-400 nm, λmax = 365 nm), incubating 10 min in between 

each consecutive irradiation. 

Release in 264.7 Raw cells. Raw 264.7 mouse macrophage cells were seeded at 

20000 cells/well in DMEM (Corning) supplemented with 10% Fetal Bovine Serum (FBS, 

HyClone) and 1% penicillin-streptomycin (Invitrogen) on a 96-well tissue culture-treated 

plate (Corning) overnight prior to the experiment. Lyophilized FDA-containing particles 

(10 mg) were resuspended in clear DMEM/FBS (1 mL, no phenol red, Corning). The 

cells were double washed with warm PBS (100 µL twice) and the particle suspensions in 

media were added (100 µL). Free FDA ( 0.1 mg/mL) and empty particles were used as 

controls. After 3h incubation at 37 °C, in 5% CO2 atmosphere, the cells were again 

double washed with warm PBS (100 µL twice) and clear media (100 µL) was added to 

each well. Half of the plate was then irradiated for 5 min (10 mW/cm2, λex = 320-480 

nm) using the Omnicure. Following a 30 min incubation at 37 °C, in 5% CO2, the release 

of FDA was measured by fluorescence measurement (λex = 495 nm, λem = 514 nm) 

using a plate reader (Molecular Devices SpectraMax M5). To confirm release, 

fluorescence microscopy images of cells were acquired (Nikon TS100F). 

Polymer Cytotoxicity. Polymer 1 (5 mg) was dissolved in sterile DMSO (10 

µL), and the solution was subsequently added to clear DMEM (990 µL). The resulting 

suspension was sonicated until uniform and then further diluted to appropriate 

concentrations in DMEM/FBS media. Lyophilized particles containing FDA (5 mg) were 

resuspended in sterile media (1 mL) and half of the volume was irradiated for 5 min with 
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UV light (10 mW/cm2, λex = 320-480 nm, OmniCure S2000 Curing System). The 

solutions were then diluted to appropriate concentrations in cell culture media. 24 hours 

prior to incubation, Raw 264.7 cells were seeded on a tissue culture treated 96-well plate 

(Corning) at a density of 20000 cells/well in DMEM media. The cells were washed twice 

with 100 µL PBS at 37 °C, and then incubated with the polymer/particle suspensions in 

triplicates for 24 h at 37 °C, in 5% CO2. Following incubation with particles, cells were 

again washed twice with 100 µL PBS. Following the MTT assay kit instructions, the cells 

were then incubated at 37°C, in 5% CO2 for 3 h in 100 µL DMEM containing 0.5 mg/mL 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT agent, Sigma-

Aldrich, USA). Triton-X (1% w/v, Sigma-Aldrich) was used as a positive apoptosis 

control. After the incubation, 100 µL of MTT solution (Sigma-Aldrich) was added to 

each well and the solution was thoroughly triturated to fully solubilize formazan crystals. 

To quantify mitochondrial activity, absorbance at 570 nm normalized to background 

absorbance at 690 nm was measured using a plate reader (Molecular Devices SpectraMax 

M5). 
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Figure 3.S5: MTT assay of polymer 1. 

 

Particle Cytotoxicity. Lyophilized empty polymer 1 nanoparticles were re-

suspended in sterile DMEM/FBS media (1 mL) and diluted to appropriate concentrations 

in cell culture media. 24 hours prior to incubation, Raw 264.7 cells were seeded on a 

tissue culture treated 96-well plate (Corning) at a density of 20000 cells/well in DMEM 

media. The cells were washed twice with 100 µL PBS at 37 °C, and then incubated with 

the particle suspensions in triplicates for 3 h at 37 °C, in 5% CO2. Following incubation 

with particles, half of the plate was irradiated for 5 min with UV light (10 mW/cm2, λex 

= 320-480 nm, OmniCure S2000 Curing System). Cells were then incubated for an 

additional 24h at 37 °C, in 5% CO2. Subsequently, cells were washed twice with 100 µL 

PBS. Following the MTT assay kit instructions, the cells were then incubated at 37°C, in 

5% CO2 for 3 h in 100 µL DMEM containing 0.5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-
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2,5-diphenyl tetrazolium bromide (MTT agent, Sigma-Aldrich, USA). Triton-X (1% w/v, 

Sigma-Aldrich) was used as a positive apoptosis control. After the incubation, 100 µL of 

MTT solution (Sigma-Aldrich) was added to each well and the solution was thoroughly 

triturated to fully solubilize formazan crystals. To quantify mitochondrial activity, 

absorbance at 570 nm normalized to background absorbance at 690 nm was measured 

using a plate reader (Molecular Devices SpectraMax M5). 

 

 

Figure 3.S6: MTT assay of cells incubated with particles composed of polymer 1 and 
irradiated for 5 min with UV light at 10 mW/cm2. 
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Figure 3.S7. Synthesis of polymer 9. a) benzyl bromide, cesium carbonate, DMF, 99%; 
b) i) TFA, DCM ii) acryloyl chloride, Et3N, DCM, 0 oC, 61%; c) 5, 1,3-propanedithiol, 
Et3N, DMSO, 39%. 
 

Compound 7. Compound 2. dicyclohexylamine (2.00 g, 3.79 mmol) and cesium carbonate 

(2.07 g, 6.35 mmol) were suspended in DMF (30 mL). Benzyl bromide (0.75 mL, 6.35 

mmol) was added to the solution dropwise and the mixture was allowed to react for 18 h. 

The reaction mixture was diluted with DI H2O (80 mL) and extracted 3 times with DCM 

(50 mL). The organic layer was dried over MgSO4 and concentrated. The resulting 

colorless oil was purified by silica column ( 1:3 Ethyl Acetate/ Hexane) to yield 

compound 7 as a colorless oil (1.65 g, 99 %). 

HRMS: composition: C25 H36 N2 O6Na; measured mass 459.2464; theoretical mass 

459.2466. 
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1H NMR (600 MHz, CDCl3) δ 7.46-7.31 (m, 5H), 5.20 (d, J = 12.6 Hz, 1H), 5.14-5.02 

(m, 2H), 4.52 (bs, 1H), 4.32 (bs, 1H), 3.16-2.99 (m, 2H), 1.88-1.76 (m, 1H), 1.76-1.60 (s, 

2H), 1.43 (s, 18H), 1.37-1.24 (m, 3H).  

13C NMR (151 MHz, CDCl3) δ 172.6, 156.0, 155.4, 135.4, 128.7, 128.6, 128.5, 80.0, 

79.3, 67.1, 53.5, 40.2, 32.5, 29.7, 28.6, 28.5. 

 

Compound 8. Compound 7 (1.65 g, 3.78 mmol) was dissolved in DCM (18 mL) and TFA 

(18 mL) and stirred for 1.2 h. The reaction mixture was concentrated. The resulting 

colorless oil was dissolved in DCM (40 mL) and concentrated 3 more times. The oil was 

then dissolved in DCM (37 mL) and Et3N (4.32 mL, 30.98 mmol) was dripped into the 

solution slowly and the solution was chilled to 0 oC. Acryloyl chloride ( 0.69 mL, 8.52 

mmol) was dripped into the reaction mixture over a period of 10 min. The reaction was 

quenched after 1 h by addition of 0.05 M HCl (50 mL). The mixture was extracted 3 

times with DCM (40 mL). The combined organic was dried over MgSO4 and 

concentrated. The resulting yellow oil was purified by silica column (3:2 Ethyl Acetate/ 

Hexane) to yield compound 8 as a white solid (0.818 g, 61.3 %). 

HRMS: composition: C19 H25 N2 O4; measured mass 345.1807; theoretical mass 

345.1809. 

 

1H NMR (600 MHz, CDCl3) δ 7.40-7.32 (m, 5H), 6.41 (d, J = 7.8 Hz, 1H), 6.32 (d, J = 

16.8 Hz, 1H), 6.27 (d, J = 16.8 Hz, 1H), 6.18 (dd, J = 16.8, 10.2 Hz, 1H), 6.08 (dd, J = 

16.8, 10.2 Hz, 1H), 5.84 (bs, 1H), 5.69 (d, J = 10.2 Hz, 1H), 5.62 (d, J = 10.2 Hz, 1H), 
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5.21 (d, J = 12.6 Hz, 1H), 5.16 (d, J = 12.6, 1H), 4.74 – 4.67 (m, 1H), 3.36 – 3.23 (m, 

2H), 1.94 – 1.86 (m, 1H), 1.81 – 1.72 (m, 1H), 1.60 – 1.49 (m, 2H), 1.44 – 1.25 (m, 2H). 

13C NMR (151 MHz, DMSO) δ 172.4, 166.1, 165.7, 135.4, 131.0, 130.5, 128.8, 128.6, 

128.4, 127.3, 126.4, 67.4, 52.0, 38.8, 32.0, 28.7, 22.3.   

Polymer 9. Compound 8  (76 mg, 0.22 mmol) and Compound 5 ( 59 mg, 0.22 mmol) 

were dissolved in DMSO (0.9 mL). Triethylamine ( 0.18 mL, 1.34 mmol) then 1,3-

propanedithiol (47 mg, 0.44 mmol) were added to the solution dropwise. The reaction 

was stirred at room temperature for 336 h. The reaction mixture was diluted with DCM 

and quenched by precipitation into cold ether (40 mL). The polymer was further purified 

by dissolving in DCM and precipitating into cold ether (40 mL) three times to yield 

colorless polymer 9 (69 mg, 38 %). Molecular weight of 3500 Da, PDI of 1.62 

(characterized by GPC relative to poly(methyl methacrylate) standards).  

1H NMR (600 MHz, d6 DMSO) δ 8.19-8.13 (m 1H), 8.08-8.03 (m, 1H), 7.96-7.90 (s, 

1H), 7.86-7.82 (s, 1H), 7.41-7.30 (m, 5H), 5.12 (s, 2H), 4.29-4.22 (m, 1H), 3.43-3.36 (m, 

3H), 3.28-3.22 (m, 1H), 3.20-3.12 (m, 2H), 3.12-3.05 (m, 1H), 3.03-2.96 (m, 1H), 2.82-

2.78 (m, 4H), 2.70-2.62 (m, 6H), 2.60-2.52 (m, 8H), 2.45-2.28 (m, 6H), 2.04-1.95 (m, 

1H), 1.91-1.83 (m, 2H), 1.78-1.66 (m, 2H), 1.64-1.55 (m, 1H), 1.44-1.33 (m, 2H), 1.34-

1.21 (m, 8H) 1.05-0.94 (m, 2H). 

 

Deprotection of polymer 9 via hydrogenation. Polymer 9 (15 mg) was 

dissolved in THF (4 mL) under argon. Pd/C 10% (10 mg) was added and the reaction was 

put under an H2 atmosphere. The reaction was allowed to proceed for 15 h then was 

flushed with argon, filtered through celite, then concentrated. The resulting oil was used 



153 
 

 

directly in 1H NMR experiments. The hydrogenation appeared to remove roughly 50% of 

the protecting group (Figure S8). This is likely due to poisoning of the palladium catalyst 

with residual thiols. 

 

 

Figure 3.S8. Hydrogenated polymer 9. 

 

Degradation of polymer 9 followed 1H NMR. A concentrated solution of 

polymer 9 (12.5 mg/ mL) was prepared in d6-DMSO. An appropriate amount of 

deuterated sodium phosphate buffer at pH 7.4 (0.1 M) was added to make 9:1 solutions of 

d6-DMSO:PBS and was separated to two samples.  One sample was irradiated for 20 min 

in a 1.7 mm Bruker NMR tube in a Luzchem photoreactor. One sample of polymer 9 was 

not irradiated. Hydrogenated polymer 9 was prepared in d6-DMSO (22 mg/ mL) and an 

appropriate amount of deuterated sodium phosphate buffer at pH 7.4 (0.1 M) was added 

to make a 9:1 solutions of d6-DMSO:PBS solution. The samples were then incubated at 
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37 oC for the specified times. Spectra were taken on a 600 MHz Bruker spectrometer 

after the prescribed incubation times. 

 

 

Figure 3.S9. a) The initial rate of hydrolysis for the ketal calculated based on protons 
vicinal to the amide (protons b Figure S8) in 9:1 solutions of d6-DMSO:deuterated PBS 
pH 7.4. b) Percent hydrolysis of the polymer following the indicated periods of 
incubation for polymer 9 (blue diamonds), polymer 9 irradiated for 20 min (red squares), 
and hydrogenated polymer 9 (green triangles). 
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Figure 3.S10. Compound 3. 
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Figure 3.S11. Compound 4. 
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Figure 3.S12.Representative TEM micrographs of particles incubated in the dark at 37 oC 
for 4 h (scale bars = 500 nm)  
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Figure 3.S13. Representative TEM micrographs of particles post-irradiation for 5 min (35 
mW/cm2, λ = 320-480 nm) and incubation at 37 oC for 4 h. (scale bars = 500 nm) 
 

 

 

 

 

 




