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ABSTRACT 

 

Biomacromolecules, mainly nucleic acids and proteins, are involved in 

every cellular process and therefore their aberrant level or function is linked with 

most of the diseases. Controlling these macromolecules using light can therefore 

be immediately applied towards a range of biomedical fields including 

bioengineering, biotechnology, biochemistry, medicinal chemistry, diagnostics, 

therapeutics, and so on. 

In this dissertation, multiple approaches to create the photoactivable 

macromolecules and their applications in biomedical field are discussed. In the 

first part of this dissertation, optimization of light activated RNA interference 

(LARI), a technique developed earlier in our lab, is discussed. By modifying 

nucleic acid with various new photolabile groups, RNA interference (RNAi) was 

brought under the control of light. Using these novel caged macromolecules, 

gene expression was patterned in cell monolayers, demonstrating the potential of 

LARI in controlling the spacing, timing and extent of gene expression.  

In second part of the dissertation, insulin, a protein, was modified with 

new photolabile groups and then crosslinked to a solid matrix to create an 

insoluble photoactivable depot (PAD). Insulin with various degrees of 

photolabile modifications were purified and studied for their photokinetics. 
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Furthermore, using this new approach, the release of protein from a matrix 

system was precisely controlled using light. This new photoactivable insulin 

depot could load several weeks worth of insulin in the volume of a single 

injection. Therefore, this could potentially solve the problem of multiple insulin 

injections, administered by millions of diabetics everyday. Furthermore, the 

amount of insulin released from the depot can be tightly controlled using light. 

In future, this technique can potentially be coupled with non-invasive 

continuous glucose monitoring devices for automatic detection and control of 

blood sugar level in patients. Finally, this PAD approach could be applied to 

other macromolecules, hormones and drugs. 

Furthermore, we utilized a universal photolabile crosslinking reagent, 

developed for insulin, for site-specific end labeling of different types of nucleic 

acids with these groups. Using these groups, we can temporarily attach other 

molecules like fluorophore, intercalator, drugs, proteins, etc. on to nucleic acids. 

Finally, these groups can be photocleaved to regenerate the native nucleic acids. 

 



  iv 

APPROVAL PAGE 
 

The faculty listed below, appointed by the Dean of School of Graduate Studies 

have examined the dissertation titled “Light-activated biomacromolecules” 

presented by Piyush K. Jain, candidate for the Doctor of Philosophy degree, and 

certify that in their opinion it is worthy of acceptance.  

 

Supervisory Committee 

 

Simon H. Friedman, PhD., Committee Chair 

Department of Pharmaceutical Sciences 

 

Thomas P. Johnston, Ph.D. 

Department of Pharmaceutical Sciences 

 

William G. Gutheil, Ph.D. 

Department of Pharmaceutical Sciences 

 

J. David Van Horn, Ph.D. 

Department of Chemistry 

 

Nathan A. Oyler, Ph.D. 

Department of Chemistry 



  v 

CONTENTS 

ABSTRACT ...................................................................................................................... iii	  

LIST OF ILLUSTRATIONS............................................................................................ ix	  

LIST OF TABLES.........................................................................................................xxiii	  

ACKNOWLEDGEMENTS.........................................................................................xxiv	  

Chapter 

1. INTRODUCTION: LIGHT ACTIVATED RNA INTERFERENCE........ 1	  

Gene expression by nature ............................................................... 2	  

Methods to control gene expression................................................ 5	  

Spatiotemporal control of gene expression.................................... 7	  

Methods to control gene expression in spatiotemporally............ 8	  

Spatiotemporal control gene expression using light .................... 9	  

Use of caged molecules for controlling gene expression ........... 10	  

RNA interference (RNAi) ............................................................... 14	  

Light Activated RNA Interference (LARI) ................................... 16	  

Applications of LARI....................................................................... 18	  

Previous work from our lab and issues with the approach....... 19	  

Previous approaches to resolve the issue ..................................... 24	  

2. Various approaches to achieve LARI ...................................................... 38	  

Development of HPLC purification method for purification of 

caged tetramodified species ........................................................... 38	  

Cyclization of siRNA/dsRNA using photolabile group, an 

approach towards optimization of LARI ..................................... 43	  



  vi 

Optimization of reaction by changing reaction conditions or length 

of linker.............................................................................................. 57	  

Synthesis of multimeric DMNPE group using dendrimer approach

............................................................................................................. 60	  

Optimization of each reaction step using a model system ........ 63	  

Attaching intercalator on the terminal phosphates of siRNA or 

dsRNA ............................................................................................... 68	  

Summary ........................................................................................... 94	  

Increasing the size of photolabile groups..................................... 95	  

Rationale............................................................................................ 96	  

Background....................................................................................... 97	  

Synthetic approach ........................................................................ 102	  

Materials and methods.................................................................. 131	  

3. INTRODUCTION: INSULIN PHOTO ACTIVATED DEPOT........... 142	  

Physiological release of insulin.................................................... 142	  

Structure, biosynthesis and solubility of insulin ....................... 143	  

Diabetes mellitus............................................................................ 146	  

Types of diabetes............................................................................ 146	  

Problems with insulin therapy..................................................... 150	  

Strategies to manage this problem .............................................. 151	  

Current advances in glucose monitoring devices ..................... 154	  

Current research on insulin delivery and artificial pancreas .. 156	  

Our approach by creating an insulin photoactivated depot (i-PAD)

........................................................................................................... 158	  

Advantages of i-PAD over conventional insulin therapy........ 160	  



  vii 

4. CONSTRUCTION OF INSULIN PHOTO ACTIVATED DEPOT ..... 162	  

Overall approach............................................................................ 162	  

Possible synthetic approaches...................................................... 163	  

Selection of a convergent approach............................................. 166	  

Approach 1: Synthesis of DMNPE-alkyne hydrazone ............. 167	  

Approaches to resolve the hydrazone conversion issue .......... 170	  

Approach 2: Synthesis of DMNPE-acid hydrazone.................. 172	  

Approach 3: Synthesis of DMNPE-azide hydrazone................ 175	  

Photokinetics studies..................................................................... 187	  

Fitting of kinetic data..................................................................... 189	  

Selection of solid matrix and attachment of alkyne.................. 192	  

Problems with the copper based click chemistry ...................... 194	  

Optimization of click chemistry using solution phase reaction of 

insulin azide.................................................................................... 197	  

Synthesis of final construct using copper-free click chemistry204	  

An approach to increase the density of insulin onto resin ...... 214	  

Materials and methods.................................................................. 217	  

Synthesis.......................................................................................... 219	  

Calculation of extinction coefficients .......................................... 242	  

Possible future studies .................................................................. 243	  

5. A UNIVERSAL REVERSIBLE REAGENT FOR SITE-SPECIFIC END 

LABELING OF NUCLEIC ACIDS ............................................................. 247	  

Key molecule: DMNPE-azide ...................................................... 247	  

Site-specific labeling of terminal phosphates............................. 253	  

Synthesis of a fluorescent alkyne................................................. 260	  



  viii 

Click reaction .................................................................................. 263	  

Photolysis ........................................................................................ 264	  

Methods and Materials ................................................................. 282	  

6. SUMMARY AND CONCLUSIONS ...................................................... 288	  

REFERENCES............................................................................................................... 292	  

 



  ix 

LIST OF ILLUSTRATIONS 

 
Figure                   Page 

 
Figure 1. Overall hypothesis of light activated RNA interference (LARI)............ 2	  

Figure 2. Some of the common approaches to knock down gene expression at 
various levels.. ........................................................................................................... 6	  

Figure 3. Spatio-temporal control of gene expression illustrated in case of 
drosophila embryogenesis. ...................................................................................... 8	  

Figure 4. Major aim of this work is to develop a technique to control gene 
expression spatially, temporally and in degree by modulating the spacing, 
timing and amount of light.. .................................................................................. 10	  

Figure 5. Mechanism of RNA interference (RNAi). ............................................... 15	  

Figure 6. Postulated mechanism of Light Activated RNA Interference (LARI). 17	  

Figure 7. Biological assay for testing caged siRNA or dsRNA ............................. 20	  

Figure 8. Representation of target site of GFP mRNA (238-258) and the 
corresponding siRNA and dsRNA sequence...................................................... 21	  

Figure 9. Earlier results with DMNPE caged siRNA targeting GFP (left) or RFP 
(right)......................................................................................................................... 22	  

Figure 10. Biological studies results using DMNPE caged dsRNA. .................... 22	  

Figure 11. Two key problems with LARI approach. Our goal is to solve these 
problems and achieve close to ideal switch. ....................................................... 23	  

Figure 12. Our goal is to achieve this ideal LARI switch with caged siRNA (left) 
and/or caged dsRNA (right). ................................................................................ 24	  

Figure 13. Effect of increasing level of caging groups on siRNA targeting GFP.
.................................................................................................................................... 26	  

Figure 14. DMNPE-modified of dsRNA targeting GFP containing no terminal 
phosphates................................................................................................................ 30	  

Figure 15. Using tetramodified dsRNA, better LARI switch was observed....... 31	  

Figure 16. DMNPE hydrazone (top) does not contain any handle for attachment 
of other functionalities............................................................................................ 33	  

Figure 17. LARI using tetramodified DMNPE-adamantane methyl amide (left) 
and DMNPE-methoxy phenyl amide (right) caged dsRNA-targeting GFP... 34	  



  x 

Figure 18. Chromatogram of purified DMNPE modified siRNA at 260 nm (top) 
and 346 nm (bottom).  Asterisks indicate peaks seen in blank injections.[68] 39	  

Figure 19. Chromatogram of purified DMNPE modified dsRNA.  Asterisks 
indicate peaks seen in blank injections.[68]......................................................... 40	  

Figure 20. ESI-MS of purified DMNPE modified siRNA.  Asterisks indicate 
depurination products.[68] .................................................................................... 40	  

Figure 21. ESI-MS of purified DMNPE modified dsRNA.[68] ............................. 41	  

Figure 22. Biological assessment of HPLC purified DMNPE-modified siRNA 
and dsRNA............................................................................................................... 41	  

Figure 23. Cyclized dsRNA using photolabile groups. Cyclic dsRNA may block 
dicer better................................................................................................................ 44	  

Figure 24. DMNPE-acid molecule with orthogonal functionality can be used as 
an alternative molecule to attach various R groups without affecting 
photocleavability. .................................................................................................... 48	  

Figure 25. Synthesis of DMNPE-acid........................................................................ 48	  

Figure 26. ESI-MS (positive ion mode) characterization of starting material 
DMNPE-acid. ........................................................................................................... 51	  

Figure 27. Synthesis scheme of photolabile cyclic siRNA ..................................... 52	  

Figure 28. Conversion of bis-DMNPE-ketone to bis-DMNPE-hydrazone on the 
solid phase................................................................................................................ 54	  

Figure 29. ESI-MS of cyclic photocaged dsRNA r .................................................. 56	  

Figure 30. Different length linkers attached on the resin ...................................... 58	  

Figure 31. Bifunctionalized DMNPE ketones on resin (A), hydrazones on resin 
(B), hydrazones cleaved from resin (C), diazo (D) connected by linker-2, 
linker-5, linker-10 and linker-15. ........................................................................... 59	  

Figure 32. Biological studies of unpurified linker. ................................................. 60	  

Figure 33. Synthesis of dendrimers on solid phase ................................................ 62	  

Figure 34. Final proposed dendrimer based multimeric DMNPE. ...................... 63	  

Figure 35. Synthetic scheme of model system for optimization of solid phase 
reaction condition.................................................................................................... 64	  

Figure 36. ESI-MS (positive-ion mode) analysis of UMP modified with didiazo
.................................................................................................................................... 67	  



  xi 

Figure 37. Hypothetical model of photolysis of dsRNA caged with strong vs. 
weak intercalator. .................................................................................................... 69	  

Figure 38. Synthesis of benzylic acid derivative of ethidium by following 
previously developed chemistry in our lab......................................................... 70	  

Figure 39. MS analysis of ethidium benzylic acid synthesized using above 
mentioned protocol. ................................................................................................ 71	  

Figure 40. Proposed folding and intercalation using photolabile strong 
intercalator attached to terminal phosphate of the dsRNA. ............................. 71	  

Figure 41. Total synthetic scheme of NLQ/NLE caged siRNA (top box) and 
NLHQ/NLHE caged (bottom box) using solid phase synthesis approach.... 75	  

Figure 42. MS of DMNPE (ketone)-Lys-Quinoxaline, synthesized on solid phase 
and cleaved from the resin using 95% TFA......................................................... 77	  

Figure 43. MS of DMNPE (hydrazone)-Lys-Quinoxaline, synthesized on solid 
phase, followed by cleavage of resin using 95% TFA........................................ 79	  

Figure 44. LC-MS of NLHQ. Some minor impurities of NLQ were also 
observed.................................................................................................................... 79	  

Figure 45. MS analysis of α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-N-ε-QCA)-
amide showed major species to be the desired product.................................... 80	  

Figure 46. ESI-MS infusion of α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-N-ε-
EBA)-amide . ............................................................................................................ 80	  

Figure 47. Filtration of DMNPE based diazo using a pad of Celite® supported by 
glass wool in a glass. ............................................................................................... 81	  

Figure 48. ESI-MS of NLQ, shorter linker with quinoxaline, caged GFP targeting 
dsRNA (NLQ-GdsRNA). ....................................................................................... 83	  

Figure 49. ESI-MS analysis of NLQ, shorter linker with quinoxaline, caged GFP 
targeting siRNA (NLQ-GsiRNA).......................................................................... 83	  

Figure 50. ESI-MS analysis of NLHQ, longer linker with quinoxaline, caged GFP 
targeting dsRNA (NLHQ-GdsRNA). ................................................................... 84	  

Figure 51. ESI-MS analysis of NLHQ, longer linker with quinoxaline, caged GFP 
targeting siRNA (NLHQ-GsiRNA)....................................................................... 84	  

Figure 52. ESI-MS analysis of NLHE, longer linker with ethidium, caged GFP 
targeting siRNA (NLHE-GsiRNA).. ..................................................................... 85	  

Figure 53. ESI-MS analysis of NLHE, longer linker with ethidium, caged GFP 
targeting dsRNA (NLHE-GdsRNA)..................................................................... 85	  



  xii 

Figure 54. Biological studies of NLQ and NLHQ caged GsiRNA. Compared 
with DMNPE-GsiRNA and NKDC-GsiRNA. NKDC-GsiRNA will be 
explained in the next approach. ............................................................................ 87	  

Figure 55. Biological studies of NLQ and NLHQ caged GdsRNA. Compared 
with DMNPE-GsiRNA and NKDC-GsiRNA. ..................................................... 88	  

Figure 56. Alternative new route for attachment of intercalator on α-amino 
group instead of ε-amino group of lysine............................................................ 89	  

Figure 57. Conversion of NLQ ketone to hydrazone in solution phase. ............. 89	  

Figure 58. HPLC analysis of NLεQ ketone and NLεE ketone............................... 90	  

Figure 59. Synthetic issues with attaching intercalator on the linker at different 
amino groups. .......................................................................................................... 90	  

Figure 60. HPLC analysis of NLQ ketone and hydrazone .................................... 91	  

Figure 61. Caging of dsRNA using new synthetic approach. ............................... 91	  

Figure 62. HPLC purification NLQ-GdsRNA and NLQ-sGdsRNA .................... 92	  

Figure 63. Analytical run of NLQ-GdsRNA and NLQ-sGdsRNA....................... 92	  

Figure 64. MS of purified NLQ-GdsRNA showing tetramod GdsRNA (dimod 
per strand) as the major species. ........................................................................... 93	  

Figure 65. MS of purified NLQ-sGdsRNA showing tetramod sGdsRNA (dimod 
per strand) as the major species. ........................................................................... 93	  

Figure 66. Biological studies of NLQ-GdsRNA and DMNPE-GdsRNA 
compared with their caged respective sGdsRNA. ............................................. 94	  

Figure 67. Graphical representation of rationale of incorporating bulky groups. 
Bulky caging groups may hinder RNAi machinery, dicer/RISC, or better. .. 96	  

Figure 68. Light activated RNA interference using GFP targeting dsRNA 
containing four terminal phosphates modified by DMNPE caging group. ... 98	  

Figure 69. Light activated RNA interference using adamantane-methyl-DMNPE 
(Figure A) and methoxy-phenyl-DMNPE caging groups (Figure B) attached 
on terminal phosphates of dsRNA targeting GFP.............................................. 99	  

Figure 70. Various groups that can be attached to the central DMNPE-acid 
molecule towards optimization of LARI.. ......................................................... 101	  

Figure 71. Synthesis of bulky-DMNPE hydrazone on the resin using 2-chloro 
trityl resin (approach 1). ....................................................................................... 102	  



  xiii 

Figure 72. Desired hydrazone product 2-chlorotrityl DMNPE-acid hydrazone 
resin (left box) was not properly synthesized, possibly due to synthesis of 
hydrazide side products (right box). .................................................................. 103	  

Figure 73. Synthesis of bulky group containing photolabile siRNA/dsRNA 
following approach 2, total synthesis in solution phase. ................................ 105	  

Figure 74. Purification steps involved in the synthesis of bulky DMNPE amide. 
CD-DMNPE amide (or CD-DMNPE ketone) is shown here as an example. 106	  

Figure 75. TLC of purified CD-DMNPE amide (or ketone) product. HOBt, EDC, 
acid/base purified CD-DMNPE product, unpurified crude CD-DMNPE 
product, CD-amine, DMNPE-acid...................................................................... 106	  

Figure 76. HPLC analysis of the product CD-DMNPE ketone (top), ESI-MS 
(positive ion mode) of the fraction collected from HPLC. .............................. 107	  

Figure 77. Possible byproduct azine during ketone to hydrazone conversion. 108	  

Figure 78. Reaction of 5’ UMP with CD-DMNPE diazo.. .................................... 109	  

Figure 79. LC-MS/MS analysis of the reaction of CD-DMNPE diazo (4.3 mM, 
215 nmol) with 5’ UMP (2 mM, 50 nmol) with 3:1 DMSO:water. .................. 110	  

Figure 80. ESI-MS (negative ion mode) infusion analysis of siRNA (50 µM) 
caged with CD-DMNPE diazo (250 eq.) in 1:3 DMSO:water (75% DMSO). 110	  

Figure 81. ESI-MS of product CD-DMNPE hydrazone........................................ 111	  

Figure 82. H1-NMR of product CD-DMNPE hydrazone. ................................... 112	  

Figure 83. HPLC analysis of the product CD-DMNPE hydrazone (top), ESI-MS 
(positive ion mode) of the fractions collected from HPLC (bottom). Two 
peaks correspond to E/Z isomers of CD-DMNPE hydrazone....................... 113	  

Figure 84. ESI-MS analysis (negative mode) of CD-DMNPE-siRNA caged using 
500 eq. of CD-DMNPE diazo by multiple addition method described in the 
text. .......................................................................................................................... 114	  

Figure 85. ESI-MS analysis (negative mode) of CD-DMNPE-dsRNA caged using 
500 eq. of CD-DMNPE diazo by multiple addition method described in the 
text. .......................................................................................................................... 114	  

Figure 86. Biological experimental results of toggling RNAi in HeLa cells using 
LARI.. ...................................................................................................................... 116	  

Figure 87. ESI-MS analysis of DC-DMNPE hydrazone. ...................................... 117	  

Figure 88. H1-NMR of DC-DMNPE hydrazone ................................................... 117	  



  xiv 

Figure 89. ESI-MS (negative mode) of DC-DMNPE siRNA................................ 118	  

Figure 90. ESI-MS (negative mode) of DC-DMNPE dsRNA............................... 118	  

Figure 91. Biological experiment results in HeLa cells for DC-DMNPE caged 
siRNA (left) and dsRNA (right). For DC-DMNPE caged-dsRNA the best 
LARI switch achieved so far. ............................................................................... 119	  

Figure 92. Hypothesis of folding back and intercalation of DC-DMNPE groups 
in dsRNA. Folding might block dicer or RISC better. ..................................... 119	  

Figure 93. Column purification of bulky DMNPE hydrazone resolved the issue 
of impure diazo and further improved the reaction with siRNA/dsRNA 
containing four terminal phosphates. ................................................................ 120	  

Figure 94. Deconvoluted ESI-MS of tetra-CD-DMNPE modified dsRNA........ 122	  

Figure 95. Non-denaturing PAGE gel of DMNPE modified dsRNA (lane 1) CD-
DMNPE modified dsRNA (lane 2), unmodified dsRNA (lane 3) and all three 
dsRNA co-loaded (lane 4). ................................................................................... 122	  

Figure 96.Light activated RNA interference comparing CD-DMNPE with 
DMNPE modified dsRNA at 1.56 nM (top) or 7.8 nM (bottom). ................... 123	  

Figure 97. Results of cell viability assay performed by using CellTiter 96® 
AQueous Non-Radioactive Cell Proliferation Assay (Promega) as described 
in the experimental section. ................................................................................. 124	  

Figure 98. Molecular modeling structures of tetramodified CD-DMNPE-dsRNA 
(top) and DC-DMNPE-dsRNA (bottom) ........................................................... 126	  

Figure 99. Patterning of gene expression using light activated RNA 
interference............................................................................................................. 128	  

Figure 100. In house designed point source using 200 mW LED (Nichia)........ 129	  

Figure 101. Letter masks printed on Highland 903 transparency. ..................... 129	  

Figure 102. Mask (“L”) printed on Highland 903 transparency and treated with 
magic dark (top). ................................................................................................... 130	  

Figure 103. Letter patterning of gene expression using light activated RNA 
interference mask. GFP signal (target) and RFP signal (control) indicated.. 130	  

Figure 104. Using LARI we were able to generate complex patterning using 
gradient mask (left). GFP (top right), RFP (middle right). .............................. 131	  

Figure 105. ESI-MS of CD-DMNPE modified scrambled dsRNA (top), DMNPE 
modified GFP targeting dsRNA (middle), and DMNPE modified scrambled 
dsRNA (bottom). ................................................................................................... 136	  



  xv 

Figure 106. Physiological release of insulin (blue) in response to blood glucose 
level (red). Starch rich food is represented with bold lines while sucrose rich 
food is represented with dotted lines. Image taken from literature [121]. ... 142	  

Figure 107. Sequence of human insulin. Basic groups (purple-blue), acidic 
groups (red), histidines (green), cysteines and disulfide bonds (yellow)..... 143	  

Figure 108. Biosynthesis of insulin and C-peptide from proinsulin by 
proteolytic cleavage.. ............................................................................................ 144	  

Figure 109. Crystal structure of human insulin hexamer complexed with two 
zinc atoms in the center via histidine side chains............................................. 145	  

Figure 110. Normal insulin production by healthy pancreas (top) and 
insufficient insulin production by pancreas in case of diabetes mellitus 
(bottom). ................................................................................................................. 146	  

Figure 111. Type I diabetes....................................................................................... 147	  

Figure 112. 2011 National Diabetes Fact Sheet, Center for Disease Control and 
Prevention (CDC) based on 2007-09 survey...................................................... 149	  

Figure 113. Pharmacokinetic profiles of various insulin analogs....................... 152	  

Figure 114. Alternative methods to administer insulin. Image taken from 
NIDDK, NIH .......................................................................................................... 154	  

Figure 115. Different methods for developing non-invasive glucose monitoring 
devices..................................................................................................................... 156	  

Figure 116. Image taken from web (SmartCells, Inc.) .......................................... 158	  

Figure 117. Overall objective of insulin photoactivated depot. .......................... 159	  

Figure 118. Overall scheme of insulin photoactivated depot.............................. 160	  

Figure 119. Overall hypothesis- Insulin photoactivated depot (i-PAD)............ 163	  

Figure 120. Synthesis of insulin photoactivated depot using divergent approach.
.................................................................................................................................. 164	  

Figure 121. Convergent approach for synthesis of insulin photoactivated depot.
.................................................................................................................................. 165	  

Figure 122. Retrosynthetic approach to achieve insulin photo-activated depot
.................................................................................................................................. 166	  

Figure 123. Positions for the attachment of insulin and solid phase on DMNPE-
acid .......................................................................................................................... 167	  



  xvi 

Figure 124. Synthetic and photolysis scheme of insulin photo activated depot, 
described as approach-1. ...................................................................................... 168	  

Figure 125.Possible side reaction of terminal alkynes with hydrazine ............. 170	  

Figure 126. Possible formation of DMNPE-alkyne azine as a side product, from 
DMNPE-alkyne ketone, in the presence of limited amount of hydrazine.... 170	  

Figure 128. Synthetic and photolysis scheme of insulin photo activated depot, 
described as approach-2 in the text. ................................................................... 173	  

Figure 129. Reaction of DMNPE-acid with hydrazine hydrate could not yield 
the desired product DMNPE-acid hydrazone but resulted into DMNPE-
hydrazide side product.. ...................................................................................... 174	  

Figure 130. TLC analysis of DMNPE-acid hydrazone. ........................................ 174	  

Figure 131. Putative structures and exact mass of possible side products during 
conversion of DMNPE-acid to DMNPE-acid hydrazone................................ 175	  

Figure 132. Commonly used click chemistry reactions based on alkyne-azide 
Huisgen cycloaddition using terminal alkyne or strained alkyne................. 176	  

Figure 133. Synthetic and photolysis scheme of insulin photo activated depot, 
described in approach-3. ...................................................................................... 177	  

Figure 134. Column purified fractions of DMNPE-azide hydrazone analyzed by 
TLC. Fractions containing DMNPE-azide hydrazone are represented by a 
rectangular box. ..................................................................................................... 178	  

Figure 135. Caging of a model compound, 2-QCA, using DMNPE-azide diazo.
.................................................................................................................................. 179	  

Figure 136. Putative products of reaction of DMNPE-azide diazo with gly-gly 
dipeptide................................................................................................................. 180	  

Figure 137. ESI-MS analysis (position ion mode) of gly-gly caged with DMNPE-
azide diazo without any purification. ................................................................ 180	  

Figure 138. LC-MS analysis (position ion mode) of gly-gly caged with DMNPE-
azide diazo without any purification. ................................................................ 181	  

Figure 139. HPLC analysis of unreacted insulin (green), DMNPE-azide diazo 
(red) and reaction mixture (blue) of insulin and DMNPE-azide diazo as 
described................................................................................................................. 182	  

Figure 140. ESI-MS of standard human recombinant insulin from commercial 
source. ..................................................................................................................... 183	  



  xvii 

Figure 141. ESI-MS of insulin azide mixture formed by reacting 12.5 equivalents 
of DMNPE-azide diazo......................................................................................... 184	  

Figure 142. HPLC analysis of insulin azide products obtained by reacting 12.5 
equivalents of DMNPE-azide diazo ................................................................... 184	  

Figure 143. Space filled crystal structure of human insulin with all six carboxylic 
acids centers highlighted (cyan).......................................................................... 185	  

Figure 144. ESI-MS of insulin azide mixture formed by reacting 2 equivalents of 
DMNPE-azide diazo ............................................................................................. 186	  

Figure 145. HPLC purification of insulin reacted with 2x of DMNPE-azide diazo 
in DMSO for 24 h, monitored at 280 nm. ........................................................... 187	  

Figure 146. Photolysis scheme of insulin di-azide to insulin mono-azide with a 
rate constant k1 and then finally to insulin with a rate constant k2. ............. 188	  

Figure 147. Photolysis scheme of insulin mono-azide to insulin with a rate 
constant k3.............................................................................................................. 188	  

Figure 148. Photokinetics experiment results of insulin mono-azide (left) and 
insulin di-azide (right) using UV lamp as light source.. ................................. 190	  

Figure 149.Picture of the point source (left) used for the photolysis of insulin 
azides using glass insert (right)........................................................................... 191	  

Figure 150. Kinetic plot of insulin mono-azide photolysis using LED point 
source. ..................................................................................................................... 192	  

Figure 151. Crosslinked PEG based biocompatible ChemMatrix resin used as a 
solid matrix in our design.. .................................................................................. 193	  

Figure 152. Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC)........ 194	  

Figure 153. Synthetic scheme of insulin photoactivated depot. Final Cu (I) based 
click chemistry remained the key problem in the overall synthetic approach.
.................................................................................................................................. 196	  

Figure 154. Optimization of click chemistry by reacting insulin-azide with 
propargyl amine in solution phase..................................................................... 197	  

Figure 155. ESI-MS analysis of CuAAC reaction of insulin azide with propargyl 
amine in solution phase using Medal conditions for extended period of 
reaction 41 h as described in the text.................................................................. 198	  

Figure 156. Optimization of coupling conditions and click reaction using 
carboxylic acid based CM-Sepharose resin. ...................................................... 199	  



  xviii 

Figure 157. Optimization results of different coupling conditions, using 
Sepharose and PEG-Glutaric (ChemMatrix) resin.. ......................................... 199	  

Figure 158. Optimization of coupling reactions and click chemistry reaction on 
solid phase, using DMNPE-azide ketone as a model azide............................ 200	  

Figure 159. Optimization results of different coupling conditions using PEG-
Glutaric acid (ChemMatrix) resin. ...................................................................... 201	  

Figure 160. Proposed three-step reaction mechanism of CuAAC [160]. Image 
taken from the literature [172]............................................................................. 202	  

Figure 161. Insulin binds to Cu+2 ions and exists as dimer in the crystal 
structure.................................................................................................................. 204	  

Figure 162. Copper-free click chemistry based on strained alkyne and azide. 205	  

Figure 167. HPLC chromatogram and UV-visible analysis of insulin triazole 
cleaved from the SpheriTide resin. ..................................................................... 207	  

Figure 168. ESI-MS analysis of insulin mono-triazole cleaved from the 
SpheriTide resin..................................................................................................... 207	  

Figure 169. HPLC chromatogram and UV-visible analysis of insulin triazole 
cleaved from the ChemMatrix resin. .................................................................. 208	  

Figure 170. ESI-MS analysis of insulin triazole cleaved from the ChemMatrix 
resin ......................................................................................................................... 208	  

Figure 171. HPLC analysis of photolyzed Spheritide resin................................. 209	  

Figure 172. ESI-MS infusion analysis of the insulin obtained from the photolysis 
of the final construct on SpheriTide resin in water. ......................................... 210	  

Figure 173. HPLC analysis of photolyzed ChemMatrix resin. Top pane 
represents chromatogram at 280 nm and bottom pane at 345 nm................. 210	  

Figure 174. ESI-MS infusion analysis of the insulin obtained from the photolysis 
of the final construct on ChemMatrix resin in water. ...................................... 211	  

Figure 175. Energy minim. ....................................................................................... 211	  

Figure 176. Synthetic and analysis scheme of insulin photoactivated depot using 
copper free click chemistry approach. ............................................................... 212	  

Figure 177. Synthesis of insulin photoactivated depot and its ESI-MS 
characterization after TFA cleavage or photolysis. .......................................... 213	  

Figure 178. Photorelease results of insulin photoactivated depot using UV-LED 
with alternate light and dark periods (Top)...................................................... 216	  



  xix 

Figure 179. Standard curve of insulin generated by injecting different volumes 
of insulin from stock solution (89.7 µM, H2O) into HPLC. ............................. 217	  

Figure 180. UV-visible absorbance spectrum of product DMNPE-azide ketone 
in DMSO ................................................................................................................. 221	  

Figure 181. HPLC chromatogram of product DMNPE-azide ketone represented 
as an overlay of chromatograms at 280 nm (blue) and 345 nm (red). ........... 221	  

Figure 182.HPLC-MS of product DMNPE-azide ketone..................................... 222	  

Figure 183. 1H NMR (400 MHz, d6-DMSO) spectrum of DMNPE-azide ketone
.................................................................................................................................. 222	  

Figure 184. 13C NMR (100 MHz, d6-DMSO) spectrum of DMNPE-azide ketone
.................................................................................................................................. 223	  

Figure 185. UV-visible absorbance spectrum of product DMNPE-azide 
hydrazone in DMSO ............................................................................................. 225	  

Figure 186. HPLC chromatogram of product DMNPE-azide hydrazone 
represented as an overlay of chromatograms at 280 nm (blue) and 345 nm 
(red). ........................................................................................................................ 225	  

Figure 187. HPLC-MS of product DMNPE-azide hydrazone, represented four 
panes in the following order from top to bottom:............................................ 226	  

Figure 188. 1H NMR (400 MHz, d6-DMSO) spectrum of DMNPE-azide 
hydrazone............................................................................................................... 226	  

Figure 189. 13C NMR (100 MHz, d6-DMSO) spectrum of DMNPE-azide 
hydrazone............................................................................................................... 227	  

Figure 190. UV-visible absorbance spectrum of product DMNPE-azide diazo in 
DMSO...................................................................................................................... 228	  

Figure 191. UV-visible absorbance spectrum of human recombinant insulin, 
insulin mono-azide and insulin di-azide (top, middle and bottom panes 
respectively) in RNase free water ....................................................................... 230	  

Figure 192. UV-visible absorbance spectrum of product obtained from cleavage 
of DBCO conjugated alkyne resin....................................................................... 233	  

Figure 193. HPLC chromatogram of DBCO acid (from Click Chemistry Tools) 
represented as an overlay of chromatograms at 280 nm (blue) and 345 nm 
(red). ........................................................................................................................ 233	  

Figure 194. HPLC-MS of product (DBCO amide) from the cleavage of alkyne-
resin ......................................................................................................................... 234	  



  xx 

Figure 195. HPLC chromatogram of the mixture of insulin, insulin-mono azide 
with traces of insulin di-azide ............................................................................. 235	  

Figure 196. Chemical cleavage of insulin photoactivated depot using TFA .... 236	  

Figure 198. HPLC chromatogram of insulin released after photolysis of final 
insulin photoactivated depot (top pane) and for comparison, standard 
human recombinant insulin from Sigma Aldrich (bottom pane).. ................ 237	  

Figure 193. UV-visible absorbance spectrum of product obtained from cleavage 
of final insulin photoactivated depot ................................................................. 238	  

Figure 199. A representative HPLC chromatogram from the irradiation studies 
of insulin mono-azide (top pane) and insulin di-azide (bottom pane). ........ 239	  

Figure 200. LED based compact light source designed in house by Dr. Simon H. 
Friedman for animal studies................................................................................ 246	  

Figure 201. A hypothetical approach of designing artificial pancreas by 
coupling light based continuous glucose sensor LED (e.g. infrared light) with 
insulin release LED (e.g. UV light) in a single device with a feedback loop 
controlled by an optimized algorithm. .............................................................. 246	  

Figure 202. DMNPE-azide diazo, a key molecule for this study........................ 248	  

Figure 203. Site-specific labeling and photolysis of a single-stranded nucleic 
acid (ssDNA and ssRNA) containing terminal phosphate. ............................ 251	  

Figure 204. Site-specific labeling and photolysis of a double-stranded nucleic 
acid (dsDNA, dsRNA and DNA/RNA heteroduplex) containing terminal 
phosphate. .............................................................................................................. 252	  

Figure 205. Terminal phosphates can be easily introduced using both single 
strand and double stranded oligos can be phosphorylated using PNK [205, 
220]. ......................................................................................................................... 253	  

Figure 206. Caging of ssRNA containing 5’ phosphate (F-69), 3’ phosphate  (F-
109), or containing both 5’ and 3’ phosphate (F-269), not shown in this figure) 
by following multiple addition of DMNPE-azide diazo. ................................ 254	  

Figure 207. ESI-MS analysis (negative mode) of 9-mer RNA containing 5’ 
terminal phosphate (F-69, top pane) and 27-mer RNA containing 3’ terminal 
phosphate (F-109, bottom pane), both caged with DMNPE-azide. ............... 255	  

Figure 208. ESI-MS analysis (negative mode) of 27-mer RNA containing both 5’ 
and 3’ terminal phosphate (F-269) caged with DMNPE-azide. AP1 suggests 
one modification per strand, AP2 suggests two modifications per strand, so 
forth and so on. ...................................................................................................... 256	  



  xxi 

Figure 209. Caging of 11-mer ssRNA containing 5’ phosphate no adenosine (F-
36), 5’ phosphate with eight adenosines (F-52), or containing no phosphate 
with eight adenosines (F-55) by following single addition of DMNPE-azide 
diazo. ....................................................................................................................... 258	  

Figure 210. ESI-MS (negative mode) of F-36 (top), F-52 (middle), F-55 (bottom) 
oligos in presence (right) or absence (left) of reaction with DMNPE-azide 
diazo.. ...................................................................................................................... 259	  

Figure 211.Synthesis of a fluorophore molecule, DBCO-dansylcadaverine 
(DBCO-DC). ........................................................................................................... 261	  

Figure 212. TLC of reactants and product after synthesis of DBCO-DC amide 
before purification (left) and after purification by acid/base (right) ............ 261	  

Figure 213. ESI-MS (positive mode) of DBCO-DC amide ................................... 262	  

Figure 214. LC-MS (positive mode) analysis of purified DBCO-DC amide. .... 262	  

Figure 215. Click reaction step using mono-mod DMNPE-azide containing 
ssRNA (F-52) with DBCO-DC amide. ................................................................ 263	  

Figure 216. ESI-MS (negative mode) analysis of the product of click reaction 
DBCO-DC amide with DMNPE-azide caged F-52 oligo. ................................ 264	  

Figure 217. ESI-MS (negative mode) analysis of the photolysis of final labeled or 
clicked oligo. .......................................................................................................... 265	  

Figure 218. Different level of modifications observed in the MS for various 
concentrations of diazo reacted with ssDNA oligo, containing 5’ phosphate in 
25% DMSO/water................................................................................................. 267	  

Figure 219. Reaction of ssDNA, containing 5’ phosphate, with various 
concentrations of DMNPE-azide diazo, all in the presence of Tris-acetate 
EDTA buffer. .......................................................................................................... 268	  

Figure 220. ESI-MS analysis shows the effect of buffer on reaction. I ............... 269	  

Figure 221. Kinetic experiment of diazo reaction with ssDNA containing 3’ 
phosphate in absence of buffer (top) or in presence of buffer (bottom). In one 
hour reaction was completed. ............................................................................. 270	  

Figure 222. Kinetic experiment of diazo reaction with ssRNA containing 3’ 
phosphate in absence of buffer (top) or in presence of buffer (bottom). In one 
hour reaction was completed. ............................................................................. 271	  

Figure 223. Effect of changing diazo concentration to 2x, 5x, 10x or 20x in the 
absence of buffer or in the presence of buffer containing MgCl2.. ................. 272	  



  xxii 

Figure 224. Effect of MgCl2 in the buffer tested by reacting ssDNA, containing 3’ 
phosphate, with different concentrations of diazo in 10 mM Tris/HCl/1mM 
EDTA/pH 7.6 buffer with or without MgCl2.................................................... 273	  

Figure 225. Effect of increasing the diazo and changing the ratio together...... 273	  

Figure 226. Effect of changing concentration of MgCl2 during the reaction of 
DMNPE-azide diazo (40x) with ssDNA containing 3’ phosphate oligo (250 
µM) using 10 mM Tris-HCl/1 mM EDTA/pH 7.6. 10 mM MgCl2 was found 
to be optimum........................................................................................................ 274	  

Figure 227. Reaction of single stranded oligonucleotides using a specific 
optimized condition for ssDNA containing 5’ phosphate.. ............................ 274	  

Figure 228. Optimization of DMNPE-azide reaction on ssDNA, containing 5’ 
phosphate or no phosphate, in the presence or absence of buffer and using 5x 
equivalents of diazo (top)..................................................................................... 276	  

Figure 224. Optimization of DMNPE-azide reaction on ssRNA, containing 5’ 
phosphate or no phosphate, by buffer.. ............................................................. 277	  

Figure 229. Optimization of DMNPE-azide reaction on ssRNA, containing 5’ 
phosphate or no phosphate, by changing the pH and % DMSO/water. ..... 278	  

Figure 230. Reaction of ssRNA and ssDNA at different pH. .............................. 278	  

Figure 231. Overlay of two HPLC chromatograms, standard unmod 5’ 
phosphate containing ssDNA oligo (blue) and DMNPE-azide caged same 
oligo......................................................................................................................... 279	  

Figure 232. Reaction of dsRNA, dsDNA, dsHDNA, and dsHRNA using 
conditions optimized for single stranded oligos.. ............................................ 280	  

Figure 233. Reaction of dsRNA, dsDNA, dsHDNA, and dsHRNA using 
conditions optimized for single stranded oligos.. ............................................ 281	  

Figure 234. H1 NMR (400 MHz, d6 DMSO) of DBCO-DC amide...................... 284	  

Figure 235. C13 NMR (100 MHz, d6 acetone) of DBCO-DC amide ................... 284	  

Figure 236. Cells patterned in a 96-well plate expressing GFP in the pattern of 
letters by using LARI. ........................................................................................... 288	  

Figure 237. Different groups synthesized for optimization of LARI are enclosed 
in the box. ............................................................................................................... 289	  

Figure 238. Summary of overall synthetic approach............................................ 290	  



  xxiii 

LIST OF TABLES 

 
Table               Page 

 
1. A summary of approaches tried by Shah and coworkers in our lab. .............. 35	  

2. Different reaction conditions used for the optimization of synthesis of 
DMNPE-hydrazone on resin.. ............................................................................... 65	  

3. A list of insulin analogs and drugs for the management of diabetes. ........... 149	  

4. List of copper based click chemistry reaction conditions tried and challenges 
observed with the reaction................................................................................... 195	  

5. Reaction conditions used for reaction of DBCO-acid on two different resins
.................................................................................................................................. 206	  

6. Reaction conditions used for the reaction of mixture of insulin/insulin azide 
and purified DMNPE-azide ketone on two different resins modified with 
DBCO-amide.......................................................................................................... 206	  

7. Parameters for ESI-MS analysis of oligonucleotides used in general for most 
of our experiments. ............................................................................................... 286	  



  xxiv 

ACKNOWLEDGEMENTS 

 

My wholehearted gratitude goes to my PhD committee chair, Professor 

Simon H. Friedman, whose mentorship and guidance has not only made this 

dissertation possible but has served as a “light” source for enlightening my 

sincere interest towards science. I do not have enough words to thank him for his 

enduring support, faith, constant motivation and training. He has been the 

greatest source of inspiration, encouragement and dedication of my life. I cannot 

appreciate enough for his efforts and generosity towards supporting me in every 

aspect throughout my PhD career as a graduate student. He is not a great 

scientist and a teacher but one of the greatest persons I have ever known. I am 

highly fascinated by his prudence, brilliance, patience, ideologies, humbleness, 

scientific astuteness, devotion and kind-heartedness. He truly has become the 

greatest teacher of my life and I will remain indebted to him all my life. I 

sincerely dedicate all my scientific understanding and passion to him. 

My sincere thanks to all my PhD committee members for their invaluable 

time towards reviewing this dissertation and efforts towards serving in my PhD 

committee and for helping me reach to this day.  I am especially thankful to 

every committee member for allocating time to my dissertation after class 

session. 

I am greatly thankful to Professor Thomas P. Johnston for his inspiring 

interactions and care devoted towards success of every graduate student. I am 

thankful to him for his generosity and support, especially for teaching me the 

basics of pharmacokinetics even though I had not enrolled for his class. I would 



  xxv 

like to thank him for his availability, flexibility and kindheartedness in arranging 

meetings during his busy schedule. 

I am extremely thankful to Professor William G. Gutheil for his constant 

support, guidance, and scientific discussions. He has helped me throughout my 

PhD career by his guidance on mass spectrometry issues and his concepts taught 

in analytical chemistry are involved in every aspect of this research. I cannot 

thank him enough for his time in serving in my committee and genuinely 

applaud his compassionate gesture. 

I highly appreciate Professor J. David Van Horn for conceptualizing 

bioorganic chemistry in my life. I am thankful to him not only for scientific 

discussions inside the class but also for his cordial interactions outside the class. 

He has been a great support throughout my PhD career and I earnestly thank 

him for dedicating time and efforts for serving in my committee. 

I am deeply thankful to Professor Nathan O. Oyler for serving in my 

committee and for his precious time. I am thankful to him for his excellent course 

on NMR, for training me NMR equipment in his lab and for his interactions 

outside the class. I am highly inspired by his amiable composure and I am 

greatly thankful to him for his efforts. 

I am very thankful all my previous and current lab members for their help 

and discussions throughout my PhD career. I am thankful to Dr. Subhashree 

Rangarajan, who taught me many experimental techniques starting from my 

graduate career. I am extremely thankful to Dr. Samit Shah for all his scientific 

contributions to the LARI project and for allowing me to use images from his 

dissertation for background information. I am thankful to him for teaching lab 

techniques, his discussions and encouragement throughout my PhD career. I am 



  xxvi 

thankful to Dr. Rajoshi Chaudhuri for teaching me several lab techniques and for 

fruitful scientific discussions. I am extremely thankful to Dr. Nitin Jain for all his 

support and discussions that began even before my enrollment as a PhD student. 

Furthermore, I am thankful to Dipu, Ashish and Bhagyesh for training and 

collaborating for different lab techniques and scientific discussions. I am 

remarkably thankful to Sharon and Joyce for their unwavering support with the 

entire graduate student needs. I am also very thankful to Connie and Nancy for 

their help in formatting this dissertation and for the paperwork. 

I am deeply grateful to my family, my mom, my dad and my brother who 

have supported me in every aspect, staying thousands of miles away from me 

but keeping me every moment at their heart. I cannot thank enough for the 

support of my relatives, especially my maternal uncle and his friends, because of 

whom I could reach here. I am immensely thankful to all my friends back home 

and here that have encouraged me at all times. I cannot thank enough my 

roommates, especially Varun, Ashish, Nilesh and Anand who have helped me in 

dealing with practical aspects of PhD, for example, cooking food for me while I 

am working on this dissertation. I am thankful to my family friends Carol, Terry, 

Caroline, Dennis, Judy, Sabu and Dr. Moore for their fellowship, tremendous 

support and love, and for bringing happiness during my PhD.  

I am thankful to Dr. Ashim K. Mitra for allowing us to access his cell 

culture facility. I am thankful to Dr. Dhananjay Pal, who has been available for 

help with cell culture issues. Furthermore, I am also thankful to Dr. Sarah Dallas 

and Dr. Mark Dallas, School of Dentistry, UMKC for their help in providing 

training for the fluorescence microscope and for allowing us to access the 

instrument. Furthermore, I would like to thank Dr. Mridul Mukherji for allowing 



  xxvii 

us to access his gel doc imaging equipment, Dr. Kun Cheng who allowed me to 

use his nanodrop equipment and I am also thankful to Dr. Bi Botti Celestin 

Youan for allowing us to use particle size analyzer. 

I am thankful to funding institutions NIH (NCI RO1 CA09410), NSF 

(CHE-1052871) and University of Missouri Research board for their financial 

support. I am thankful to the University of Missouri for financial support with 

fellowships.  

I am thankful to everyone who has supported me knowingly or 

unknowingly and I hope they will forgive me for not including their names. 

Finally I am thankful to God for providing me strength in my body 

passion in my heart. 



  xxviii 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
With unconditional love, 

Dedicated to my mother, father and younger brother. 
 
 
 
 
 
 
 
 
 
 
 



  1 

CHAPTER 1 
 

INTRODUCTION: LIGHT ACTIVATED RNA INTERFERENCE 

 
Nature controls gene expression at the different levels of transcription, 

translation and post-translation. Most diseases can be correlated with 

abnormalities of gene expression. Current and conventional drug therapies for 

the treatment of diseases mainly involve targeting the proteins, which is the final 

product of gene expression. However other macromolecular based therapies 

targeting DNA and RNA are emerging as new drug candidates. One of the major 

challenges of macromolecular-based therapy is to control the level of gene 

expression to the desired optimum levels. Therefore control of gene expression in 

space, time and degree can widen the horizons of conventional drugs.  

Gene expression can be controlled at various levels of transcription and 

translation. RNA interference is one of the most powerful mechanisms of 

controlling specific gene expression in various eukaryotic cells. It has several 

potential clinical and biological applications including diagnosis, drug 

development and studying gene functions. 

Many researchers have tried to increase the efficacy and expand the uses 

of RNAi by various chemical modifications. Here we propose that if this RNAi 

can be controlled using light we can modulate gene expression spatially and 

temporally, as shown in the Figure 1. Furthermore, the degree of RNAi can also 

be controlled using light.  
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Figure 1. Overall hypothesis of light activated RNA interference (LARI). 
 

This can potentially have wide range of applications in studying 

developmental biology, neuroplasticity and cell signaling pathways and in 

exploring more about RNAi machinery. In this chapter, importance of gene 

expression and in particular spatio-temporal gene expression will be discussed 

along with the techniques to modulate gene expression in general and methods 

to control spatio-temporally will be mentioned. Furthermore, potential of light 

and RNA interference in studying biological processes, and how they can be 

combined to regulate gene expression in spatio-temporal fashion will be 

discussed. Finally the problems associated with the system, approaches from our 

lab to address those concerns will be discussed. 

Gene expression by nature 

Gene expression, or formation of functional gene product, is an important 

mechanism required by the cells for maintaining their structure and function. 

Regulation of gene expression is the key for many cellular functions including 

cell cycle, growth, morphogenesis, differentiation, metabolism, signaling, 
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communication, apoptosis, etc. Nature controls gene expression at multiple 

levels in both prokaryotic and eukaryotic cells. This includes regulation at the 

transcriptional level, synthesis of RNA from DNA template, post-transcriptional 

level, transport and stability of RNA, and translational level, protein synthesis 

from RNA template, In addition, it can also be modulated at post-translational 

level when expressed proteins can be modified or degraded to regulate gene 

expression. These layers of control overlaid with in each cell provide tight 

control of cellular activities required for proper functioning of the cells. For 

example, same genome creates different cell types based on the regulation of 

gene expression. This is because different genes are expressed in specific level in 

different cell types, spatially and temporally, based on cellular environmental 

conditions.  

 Transcriptional control of gene expression is regulated by various 

mechanism [1-3]. Due to the presence of operons in prokaryotes, they can 

regulate multiple genes at once via interaction of activator and repressor proteins 

to operator region on the DNA [4]. Classical examples include lac operon, a 

lactose inducible operon, which controls gene expression required for the 

transport and metabolism of lactose, and Trp operon, a tryptophan repressible 

operon, which controls genes required for the production of tryptophan [5-7]. 

Furthermore, specificity factors, activators, and repressors bind to promoter 

region or vicinity and influence recruitment of RNA polymerase adding to the 

regulation of gene expression [8]. 

In case of eukaryotes, transcriptional control of gene expression is very 

complex and their regulation starts at the chromatin level by chromatin 

remodeling, histone modifications and DNA modifications (e.g. DNA 
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methylation) [9]. Additionally, binding of several factors to the promoter region 

further regulates transcription by influencing interaction of RNA polymerase. 

These factors include combinatorial binding of transcription factors [10, 11]. 

Furthermore, enhancer and silencer sequences on the DNA contain sites where 

activators and repressors proteins can bind, respectively, and modulate 

recruitment of RNA polymerase via mediator complex. Also, coactivators, 

corepressors and inducers can bind to these protein factors and activate, inhibit 

or initiate gene expression respectively [7]. 

Gene expression is regulated at the post-transcriptional levels by known 

and unknown mechanisms [12]. Mechanisms include, alternative splicing, which 

regulates level of gene expression post-transcriptionally; importin and exportin 

proteins regulate export of RNA; 5’ and 3’ UTRs (untranslated regions) regulate 

stability localization and translational control of mRNA; capping, 

polyadenylation, mRNA stabilizing proteins and P-bodies can also modulate 

stability of the mRNA transcript. Riboswitches are mRNA that can sense 

temperature or bind with various metabolites, co-factors, and other RNAs and 

can transduce the signal to gene expression [13]. Furthermore, naturally 

occurring microRNAs can specifically bind mRNA resulting into translation 

activation or repression. Moreover, miRNA works by a mechanism known as 

RNA interference and will be discussed later in detail [14]. 

Very few mechanisms are known for translational control of gene 

expression [15, 16]. These include translation regulation by mRNA tertiary 

structure and by antibiotics and toxins. However, various have been studied 

which influence protein structure, function and stability. These post-translational 

modifications include acetylation, phosphorylation, sulfation, disulfide 
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formation, glycosylation, lipidylation, cofactor addition, ubiquitylation, etc [17, 

18]. 

Methods to control gene expression 

Several methods have been developed to control gene expression at 

various levels including transcription, post-transcription, translation and post-

translation, as shown in the Figure 2. At pre-transcriptional and transcriptional 

level, gene expression can be modulated using artificial gene synthesis, artificial 

transcription factors, DNA binding molecules including intercalators, molecules 

binding to major or minor groove of the DNA, molecules binding to transcription 

factors, hormones, metabolites, and triplex forming oligos [19-25]. Furthermore, 

it can also be modulated by designing site-specific cleavage of DNA, including 

artificial restriction enzymes, transcription activator-like effector nucleases 

(TALENs), chimeric zinc finger nucleases, homing endonucleases and 

CRISPR/Cas system [26-31]. Genome editing using site-specific recombination 

(SSR) technology can be useful for DNA rearrangements including integration, 

excision/resolution and inversion of DNA sequences [32, 33]. One of the widely 

used SSRs includes Cre-Lox recombination system mediated by Cre recombinase 

and Lox P site on the DNA [34]. Another example is Flp-FRT system using Flp 

recombinase and FRT sequence the DNA [35]. Furthermore, recombinase activity 

can be controlled spatially using tissue specific promoter for Cre or Flp 

recombinase and can be controlled temporally by introducing ligand inducible 

promoter [36, 37]. 
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Figure 2. Some of the common approaches to knock down gene expression at 
various levels. Illustrated here are triplex forming oligos and DNA binding small 
molecules affecting transcription of a gene and antisense and ribozyme binds 
with mRNA in sequence specific manner and affects translation of the transcript. 
 

At the level of post-transcription, several methods have been investigated 

to control the gene expression. Methods that sterically block mRNA by sequence 

specific hybridization without degrading the mRNA include 

phosphorodiamidate morpholino oligomers (PMOs), external guide sequence 

(EGS) and splice-switching oligonucleotides (SSOs) [38]. Methods involving 

cleavage of target mRNA by base pairing mechanism include antisense 

oligodeoxynucleotides (ODNs), artificial ribozymes including riboswitch-

ribozyme and RNA interference including small interfering RNAs (siRNAs) and 

microRNA-targeting oligonucleotides (anti-miRNAs) [39-44]. 
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 At the level of translation antibiotics, ribosomal inhibitors and toxins can 

be used to modulate protein production [7, 21]. At posttranslational level, drugs 

and antibodies can specifically target proteins and their activity can be 

modulated. 

Spatiotemporal control of gene expression 

 Different types of cells from a body, containing same genetic information, 

have different structure and function. This is because different genes are 

expressed in different levels in different location and in different time indicating 

that gene expression is controlled by nature in spatio-temporal fashion. There are 

several examples that demonstrate the power of spatio-temporal control of gene 

expression [45, 46]. 

For example, in case of drosophila embryogenesis, bicoid mRNA is 

expressed in the anterior portion of the egg and while nanos mRNA is expressed 

in the posterior portion of the egg. These mRNAs assign the initial polarity to the 

egg. At early stages of fertilization of egg, bicoid and hunchback proteins are 

expressed on the anterior portion of the egg patterning in the form of decreasing 

concentration gradient from head to tail. Similarly, nanos and caudal proteins are 

expressed more in the posterior segment and are patterned in the form of 

decreasing concentration gradient from tail to head. At later stages different gap 

genes and pair-rule genes and segment polarity genes are expressed in different 

spatial patterns and at different stages defining various anatomical segments of 

the body, as shown in the Figure 3 [47-52]. 
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Figure 3. Spatio-temporal control of gene expression illustrated in case of 
drosophila embryogenesis. Different genes are expressed in different levels at 
various stages of developmental stage creating various expression patterns. 

 

Other well-studied example of patterning of gene expression includes 

developmental biology of digit-formation in vertebrate limb and neural crest 

formation [53, 54]. 

Therefore if we can control gene expression spatio-temporally we can 

study developmental biology, neuronal plasticity and apply it for patterning of 

genes and cells for artificial tissue engineering. 

Methods to control gene expression in spatiotemporally 

Several efforts have been made to control the gene expression in space, 

time and degree. Most common approach for temporal control of gene 

expression is the small molecule based transcriptional inducers. Although these 
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inducers provide temporal control of gene expression, their use is limited due to 

poor uncontrolled diffusion and poor temporal resolution. Furthermore, these 

inducers cannot provide spatial control of gene expression by themselves. 

Therefore, several attempts have been made to employ the diffusible inducer 

activator system for spatial control of gene expression [55]. For example, 

combining microfluidics and electroporation with this approach can provide 

spatial patterning [56]. However, these techniques are expensive, difficult to 

access and more importantly have very poor spatial resolution. Recently, inkjet 

printers have modified to pattern these diffusible inducers or inhibitors in spatial 

manner on a compact disc [57]. Although this technique is a novel and cost 

effective, it only provides low millimeter spatial resolution. Furthermore, this 

system would be difficult to use for patterning gene expression in tissues and 

higher living organisms. Other methods to control gene expression spatio-

temporally involve coupling of signaling molecule with convective fluid flow or 

cellular response by mechanical, electrical, or magnetic/ultrasound based stimuli 

[55, 58-63]. Although these methods can provide some level of spatio-temporal 

control in specific settings, none of these methods can be used as a general 

method for controlling gene expression. Furthermore, these methods cannot 

control the knockdown of an endogenously expressed gene. 

Spatiotemporal control gene expression using light 

 Light possesses very high spatial-temporal resolution and it can be easily 

tuned to precise levels. Light is non-invasive and is safe to biological systems at 

non-toxic wavelengths and in non-toxic amounts. Furthermore, it is very 
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accessible tool and generally inexpensive. Therefore several efforts have been 

made to utilize the power of light in biological settings.  

 
For example, optogenetics has become a very popular tool in neuroscience 

where power of light is combined with expressed photoreceptors in the brain to 

mediate precise control of neuronal activity in live and moving animals [64, 65]. 

Furthermore, other recent methods like spatiotemporal control of cell signaling 

using reversible light switchable protein interactions are very exciting for the 

studying biology using light [66]. 

 

 

Figure 4. Major aim of this work is to develop a technique to control gene 
expression spatially, temporally and in degree by modulating the spacing, timing 
and amount of light. Furthermore apply this technique to pattern gene 
expression in a biological system. 

 

Use of caged molecules for controlling gene expression 

Since last decade, light has been widely used to modulate gene expression 

using various approaches [67-91]. Once of the most common approach involves 

use of caging compounds, which are generally renders a target molecule inactive 

until irradiation removes the caging group and restores back its activity [92]. One 

of the earliest literature precedence of caging molecules include synthesis of o-
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nitrobenzyl caged cyclic adenosine monophosphate (cAMP) by Engels and 

coworkers [93]. However, the first use of caged compound for studying 

biochemistry involved the use of 1-(2-nitro) phenylethyl and o-nitrobenzyl caged 

adenosine triphosphate (ATP) by Hoffman and coworkers [71]. Furthermore, 

first spatio-temporal control of a biological process using 1-(2-nitro)phenylethyl 

caged ATP was reported by Forbush for studying ATP dependent efflux of 

sodium ions via Na,K-ATPase [94].   

Since the first use of the caged nucleotide several molecules have been 

caged for studying chemical kinetics, biochemical and biological processes. These 

include hormones, neurotransmitters, lipids, membranes, transcription inducers, 

transcription factors, peptides, proteins and nucleic acids [92]. Furthermore 

various caging groups have been introduced and developed to improve the 

stability, decrease toxicity, uncaging rate or wavelength of light used uncaging of 

molecules [85]. 

One of the earlier examples of controlling gene expression using light 

involved the caging of estradiol hydroxyl groups using 2-nitroveratryl-bromide, 

which prevents the binding of estradiol to estrogen receptor, thereby preventing 

its downstream gene expression [95]. These authors demonstrated that upon 

irradiation, caging group could be removed to allow transcription. Although this 

method could control expression of luciferase gene, it possesses several 

limitations. Since it is based on caging of a hormone, it can affect transcription of 

several undesirable downstream genes. Furthermore generalization of this 

technique would require optimization of each system individually limiting its 

applications.  
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Oligonucleotides not only play a crucial role in genetics but also play 

various other functions in studying biology. These include microarray 

technology, aptamers, antisense oligonucleotides, ribozymes, and triplex-

forming oligos. These oligonucleotides have been caged using photolabile 

groups for modulating their function using light. First report of caging 

oligonucleotides for gene expression dates back even further where Haselton and 

coworkers first caged green fluorescent protein (GFP) expressing plasmids using 

1-(4,5-dimethoxy-2-nitrophenylethyl) diazoethane (DMNPE) caging group to 

control its expression using light in HeLa cells [96]. However, the level of control 

of gene expression was very modest with only two-fold restoration of activity in 

HeLa cells. The key problem associated with these caged plasmids was difficulty 

in restoration of activity using non-toxic levels of light. Furthermore, authors also 

caged and tested luciferase-expressing plasmids under the rat skin. However, 

restoration of gene expression was very minimal. Although this technique 

establishes the caging group with macromolecules, use of this technique is 

limited by removal of caging groups from the plasmids using light and also that 

it cannot be used for controlling endogenous level of gene expression.  

Similarly, Tsien and coworkers caged mRNA and DNA using 6-bromo-7-

hydroxycoumarin-4-methyl caging group microinjected into zebrafish embryos 

at one cell stage [97]. Using caged mRNA, authors reported improved stability of 

mRNA and were able to control the gene expression in a spatial manner by 

illuminating using a confocal microscope. However, caged plasmids were 

distributed unevenly into mosaic like pattern after development of embryos but 

showed desired differential gene expression between irradiated and unirradiated 
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embryos. Although these methods support the light mediated control of gene 

expression, they cannot be used for controlling an endogenous gene.  

To address these major concerns our lab has developed and applied a new 

approach called light activated RNA interference to control the expression of 

gene in spatio-temporal manner [67, 68, 70, 98, 99]. This technique harnesses the 

high spatio-temporal resolution of light, combined with the powerful RNA 

interference technique. This is not only very specific but is more generalized 

approach than other approaches. Furthermore, it has several potential 

advantages over other approaches, which will be discussed later.  

Besides the caging method of controlling gene expression using light, 

other recently developed methods include recombinant transgene-based system, 

which works by utilizing fusion of genetically encoded photosensitive proteins 

containing LOV (light, oxygen, or voltage) domain with domains of transcription 

factors and transactivators to initiate gene expression [89, 100-103]. This method 

has been shown to express insulin in mice using blue light, which successfully 

reduced blood sugar level in diabetic mice [101]. Although this approach can be 

used to initiate the expression of exogenously delivered gene in a reversible 

manner using light in animals, this system requires construction and delivery for 

fused protein genetic constructs along with gene of interest and furthermore it 

cannot control endogenous gene expression levels.  

Therefore we propose to utilize the potential of RNA interference in 

controlling gene expression with the power of light. 
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RNA interference (RNAi) 

RNA interference (RNAi) is a process present in most eukaryotic cells as a 

defense mechanism against exogenously delivered double stranded RNAs, 

generally found in viruses and transposons [104, 105]. RNA interference inhibits 

protein synthesis via double stranded RNA by specifically binding and cleaving 

target mRNA. RNAi works by an exogenously delivered double stranded RNA 

(dsRNA, siRNA or shRNA) or endogenously present microRNAs (miRNAs), as 

shown in the Figure 5. RNAi was discovered in the late 1990s for which Andrew 

Fire and Craig C. Mello were awarded the 2006 Nobel Prize in Physiology or 

Medicine. Today, there are more than 30,000 publications on this topic. 

Briefly, when a blunt-end double stranded RNA (dsRNA, 27-mer or 

longer) or short hairpin RNA (shRNA) is introduced inside the cell, it is first 

acted upon an endoribonuclease dicer (PDB ID: 2ffl) of the RNase III family, 

containing both molecular scale and scissor domain to cut dsRNA into 21-22 mer 

short interfering RNA (siRNA). 

These siRNA, containing two-nucleotides overhang, are then transferred 

to RNA induced silencing complex (RISC), facilitated by dicer. RISC contains 

multiple proteins including argonaute 2 (ago2) with ribonuclease properties and 

helicase A with helicase properties [106-108]. It unwinds the two strands of 

siRNA and also degrades the sense strand, also known as passenger strand. RISC 

directs the binding of antisense strand, also known as guide strand, with the 

target mRNA and directs the degradation of the target mRNA. Therefore, 

destruction of mRNA transcripts results into inhibition of protein expression.   
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Figure 5. Mechanism of RNA interference (RNAi). 
 

RNAi is a powerful technique and holds a potential for wide range of 

biological and clinical applications [109]. It is more potent approach than the 

antisense approach because each antisense molecule can bind and inhibit one 

mRNA molecule and hence limited by its stoichiometric requirements. However 

in the case of RNAi, each siRNA molecule can guide the degradation of several 

mRNA transcripts. Furthermore, the antisense approach works by random 

molecular interaction where as RNAi involves evolving of sophisticated 

mechanism and thus could be more efficient process. 
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RNAi has become a common approach to knockdown any gene of interest 

both in cell culture and in vivo. Furthermore, it has been widely exploited for 

studying functional genomics in model organisms like fruit flies and C. elegans, 

and for RNAi based high throughput screening to find new molecular targets 

[105]. In addition it has several clinical potential with many undergoing clinical 

trials for the treatment of ocular and retinal disorders, cancer, and kidney 

disorders, for hypercholesterolemia and as antiviral agents [109, 110]. Therefore, 

to bring RNAi under the control of light our lab has made several efforts. In 

recent years, several other groups have focused to achieve the same goal [73, 80, 

85, 86, 91].  

Light Activated RNA Interference (LARI) 

Our goal is to control the RNAi mechanism using light. We propose that 

in the absence of light there should not be any RNAi and hence the normal 

expression of the target protein of interest. However, in the presence of light 

RNAi should be turned on with light and should initiate knockdown of the gene 

of interest resulting into no expression of the target protein as shown in the 

Figure 6.  

We propose to bring RNAi under the control of light by conjugating 

various photolabile groups to small RNA responsible for RNAi. We have 

hypothesized that these photolabile groups attached to RNA can block the 

interaction of RNA with RNAi machinery (dicer and/or RISC) in the cells 

thereby blocking the RNAi pathway in the absence of light. Upon irradiation 

with the light, these photolabile groups get cleaved, generating native RNA and 

thus RNAi pathway is regained.  
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Figure 6. Postulated mechanism of Light Activated RNA Interference (LARI). 
dsRNA can be caged with photolabile groups, for example, on its four termini. 
Using light resulting, these photolabile caging groups can be removed resulting 
into native dsRNA that can undergo RNAi pathway. However, in the absence of 
light, these caging groups remain attached and can potentially block processing 
of caged-dsRNA by RNAi machinery preventing RNAi pathway. 

 

There are several advantages and potential applications of this strategy. 

For example, this could be a generalized approach as siRNA or dsRNA can be 

designed against any gene of interest in eukaryotic cells thus LARI could be 

applicable. Furthermore, since siRNA can target endogenous genes unlike other 

light based systems and we can control gene expression using light to 

manipulate even basal level of gene expression. Moreover, very minimal or no 
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optimization would be required for targeting different genes, in different cell 

types or in different species. Caging of siRNA can potentially improve the 

stability of siRNA in the serum and could potentially assist in the delivery of 

siRNA to the cells. 

In addition, LARI can be applied to pattern the gene expression in a 

biological setting for tissue engineering, for studying cellular mechanism of 

RNAi and for targeted or controlled drug response.  

Applications of LARI 

Patterning of gene expression 

LARI has the potential for patterning of gene expression in spatio-

temporal fashion, due to its fundamental properties. Patterning of gene 

expression could be a useful technique for studying cell-cell interactions, wound 

healing, cellular migration, developing tissues and potentially organs in a dish 

[111]. We can target any gene of interest required for cell signaling, cell growth, 

cell adhesion or migration. As we discussed earlier, patterning of different genes 

are expressed at precise location at distinct time in varying amount is the key to 

the development of a single cell embryo to the whole body. Therefore patterning 

of gene expression can be applied for studying developmental biology, neuronal 

plasticity, cell-cell communication and delineating cellular mechanisms 

including cell death and differentiation. 
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Other applications of LARI 

 LARI can be applied for understanding the mechanism of RNAi. For 

example, using temporal control of siRNA uncaging can depict information 

about its processing time and thus kinetics of RNAi mechanism. Furthermore, 

use of light at varying amount can suggest concentration dependency of the 

mechanism. Also, with the possibility of targeting light in various cellular 

compartments, location of RNAi machinery can be further understood. 

 LARI can be further applied for controlled and targeted delivery of 

siRNA. Since caged-siRNA can be activated with light, its activity can be 

controlled using varying amount of light and furthermore, light can be spatially 

focused on to a specific location adding a possibility of light directed target site 

activation using LARI.  

Previous work from our lab and issues with the approach 

In the past years from our lab, Shah and coworkers caged siRNA and 

dsRNA in a random fashion using photo labile DMNPE (1-(4,5-dimethoxy-2-

nitrophenyl) ethane) groups, which was able to provide an off/on switch to 

RNAi [68, 70, 98]. For this purpose a biological system for testing the efficacy of 

caged siRNA or dsRNA towards controlling LARI was also developed which is 

described below. 

 



  20 

Biological system for testing of caged siRNA or dsRNA 

Rana and coworkers designed siRNA sequences targeting GFP and 

developed a 96-well plate assay for GFP expression [112]. Our lab adopted and 

modified this assay for LARI (Figure 7). Sequences of siRNA and a scheme of 

biological system developed earlier in our lab is shown in the Figure 8.  

 

 
 

Figure 7. Biological assay for testing caged siRNA or dsRNA 
 

 
Briefly, HeLa cells are maintained in a 75 cm2 flask and when desired they 

are plated into a 96-well plate at 70-80% confluency. 18 h later, cells are 

transfected with GFP and RFP plasmids, caged or uncaged siRNA/dsRNA using 

lipofectamine as transfection reagent. Cells are then incubated for 6 h with this 
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mixture and irradiated for about 10 minutes using a UV lamp form the top. One 

half of the plate is blocked with WG-320 mask allowing only higher wavelength 

light to pass through while the other half is completely blocked completely using 

an aluminum mask. Cells are cultured for about 42 hours and then fluorescence 

is measured for detecting the levels of GFP (excitation: 485 nm, emission: 535 nm) 

and RFP (excitation: 535 nm, emission: 595 nm). GFP fluorescence is further 

normalized to RFP fluorescence and level of fluorescence in the irradiated wells 

is compared to the unirradiated wells. 

 

 
 
Figure 8. Representation of target site of GFP mRNA (238-258) and the 
corresponding siRNA and dsRNA sequence designed by Rana and 
coworkers.[112]  
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Previous results using DMNPE based caging groups 

 

Figure 9. Earlier results with DMNPE caged siRNA targeting GFP (left) or RFP 
(right) [70]. 

 

 

Figure 10. Biological studies results using DMNPE caged dsRNA. The off/on 
switch is imperfect with major issue of residual RNAi effect even in the absence 
of light [68]. 
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Although RNAi could be controlled using DMNPE modified siRNA or 

dsRNA. However, it was unable to completely block RNAi prior to irradiation. 

Several efforts were made to address this concern. These efforts will be discussed 

later in detail in this chapter. One of the possibilities could be that the RNAi 

machinery can tolerate and recognize DMNPE caged siRNA/dsRNA and 

therefore process RNAi even in the absence of light. Another possibility is that 

caged dsRNA gets degraded by exonucleases resulting into residual RNAi effect. 

It could be also possible that caging was inefficient or insufficient. Multiple 

approaches were tried to solve this issue by Shah and coworkers, which will be 

described in this section. 

 

Figure 11. Two key problems with LARI approach. Our goal is to solve these 
problems and achieve close to ideal switch. 
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Previous approaches to resolve the issue 

Our lab has pioneered in the development of light activated RNA 

interference. However, one of the major hurdles with this technology is the issue 

of incomplete off/on switch in response to light. This means in the absence of 

light RNAi must be completely abolished in the cells. Furthermore, cells must 

regain normal RNAi activity in the presence of non-phototoxic amount of light. 

Without a proper off/on switch we cannot utilize this tool for studying any of 

the biological processes as discussed earlier. Therefore, we and other research 

groups have been trying to solve this issue. Multiple approaches have been tried 

by our lab to resolve to solve this issue [98].  

Our objective: An ideal off/on RNAi switch 

 

Figure 12. Our goal is to achieve this ideal LARI switch with caged siRNA (left) 
and/or caged dsRNA (right). 
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Some of the strategies tried earlier includes increasing the level of 

photolabile group modifications per siRNA, site-specific and strand-specific 

modifications of siRNA, trying various photolabile groups and linking two 

strands of siRNA and increasing the size of photolabile groups. These efforts 

were directed by basic scientific literature on RNAi and also from the results of 

our lab experiments. These approaches will be discussed in detail here and in 

next chapter.  

The major problem and attempts to address the issue 

  Our lab previously established DMNPE-based chemistry with 

siRNA/dsRNA, characterization of modified siRNA/dsRNA and biological 

assay to test these modified siRNA/dsRNA in our lab. However, the major 

problem encountered with the LARI was the incomplete off/on switch in 

absence/presence of light. When DMNPE was used to randomly modify 

siRNA/dsRNA, even in the absence of light, there was residual RNAi activity. 

One can hypothesize that the reason of incomplete switch might be either due to 

incomplete chemical modification of siRNA/dsRNA, or these groups can be 

tolerated by RNAi machinery for example by dicer/RISC, or they are 

chemically/biochemically unstable for example pH/nucleases. Shah and 

coworkers attempted to test these hypotheses individually in the following 

manner. 

1) By increasing the level of caging groups per duplex. 

In one attempt, the level of caging groups was increased to resolve the 

hypothetical issue of incomplete chemical modifications. When higher amount of 
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caging groups per duplex were used, the RNAi switch was blocked better and 

even could achieve complete abrogation.  

 

Figure 13. Effect of increasing level of caging groups on siRNA targeting GFP. 
 

However, this approach didn’t solve the issue as a new issue of 

incomplete regain of activity emerged from the experiment. Even with the higher 

amount of light exposure RNAi could not be completely regained and 

demonstrated signs of photo-toxicity.  

2) Attaching various photolabile group on 5’ antisense strand of siRNA 

Zamore and coworkers found that 5’ end of antisense strand of siRNA is 

required by RNAi machinery to function properly [113]. Furthermore, Rana and 

coworkers demonstrated that modification on 5’ end of antisense strand 

completely abrogates RNAi activity [112]. Therefore, if this demonstration is 

general for all siRNA sequences one might expect that a single modification at 
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the end of siRNA with a photolabile group can completely abolish the RNAi 

activity in the absence of light. Furthermore, minimal amount of light would be 

required for photolysis of a single group and thus RNAi could be regained 

completely with non-phototoxic levels of light. However, when Shah and 

coworkers tried to modify the 5’ phosphate of the antisense strand with DMNPE 

groups, the RNAi activity was not completely blocked contradictory to the 

observations by other groups [98]. Therefore several different size ortho-

nitrobenzylic based photolabile groups at the 5’ end of antisense of siRNA were 

tested. These groups were commercially incorporated on the 5’ ends of siRNA 

using phosphoramidite chemistry and then further modifications were 

performed in the lab. To counteract residual RNAi in the absence of light 

photolabile group Shah and coworkers tried siRNA conjugated with photolabile- 

biotin, biotin-avidin, PAMAM dendrimer, amino-terminated linkers. All these 

modifications could not only block the availability of 5’ phosphate of the 

antisense strand but they could sterically block loading of siRNA onto RISC 

assembly. Furthermore, cross-linked photocleavable 5’ end of the antisense with 

non-photocleavable 3’ end of the sense strand to create a hairpin loop was also 

tested. This was based on the literature findings that modifications on 3’ end of 

the sense strand of siRNA are tolerated by RNAi machinery.  Therefore, after 

irradiation these groups should be removed from 5’ end of antisense leaving 

behind the photolabile group on 3’ end of the sense that would be tolerated by 

RISC assembly.  Despite using various modifications on 5’-end of antisense 

strand, RNAi activity was only partially abolished and thus residual RNAi in the 

absence of light remained a major key problem of LARI.  
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3) Site-specific modification of siRNA 

As discussed earlier, by increasing the amount of caging groups per 

duplex, RNAi activity was completely blocked in the absence of light. However, 

using non-phototoxic amount of light RNAi could not be restored to the normal 

level. It suggests that there must be some sites that are more tolerated by 

dicer/RISC/nucleases than others. Furthermore, by systematic site-specific 

modification of siRNA we could potentially block sites required for the binding 

of RISC assembly with siRNA. This could not only address the major issue with 

LARI but we can potentially gain more insights about the mechanism of RNAi in 

general. Therefore Shah and coworkers attempted to modify siRNA/dsRNA 

with photolabile groups in a site-specific manner.   

A 5’ phosphate on the antisense strand of siRNA is required for the RNAi 

activity. However, it has been shown that siRNA containing 5’ hydroxyl group 

on the antisense can also initiate RNAi by utilizing an endogenous kinase that 

can phosphorylate the 5’ hydroxyl group. Therefore, we can potentially block the 

activation of siRNAs by caging the 5’ hydroxyl of siRNA. In one attempt, Shah 

and coworkers tried modifying 5’ hydroxyl groups of siRNA with DMNPE on 

solid phase and in another attempt with 4,5 dimethoxy-2-nitrobenzyl 

chlorformate in solution phase. In both the attempts, RNAi was blocked in the 

absence of light, however the non-phototoxic amount of light was unable to 

reactivate the RNAi activity, not even partially. This is possibly due to the 

findings that caging groups on the 5’ hydroxyl are difficult to deprotect as 

opposed to caging groups on 5’ phosphate. 
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Another attempt was to specifically modify internal sites of siRNA as 

opposed to terminal sites. This was achieved by utilizing the differential 

reactivity of phosphorothioates compared to phosphates. For this purpose, 

siRNA sequences containing phosphorothioates at specific positions were 

modified using 4,5 dimethoxy-2-nitrobenzyl bromide which successfully blocked 

RNAi in the absence of light. However, the LARI switch was completely lost and 

non-phototoxic levels of light could not initiate RNAi activity. Similar results of 

no LARI were obtained when a photocleavable linker was placed internally on 

the sense strand at different positions. 

Hence all the attempts of site-specific modification resulted into complete 

loss of off/on LARI switch mainly due to inability to regain back RNAi activity 

using light. However, all these modifications were able to abrogate RNAi in the 

absence of light to different levels depending upon the site and level of 

modification. 

4) Directed modification of dsRNA by installing terminal phosphates 

When a dsRNA containing no terminal phosphate was modified with 

DMNPE diazo, very few modifications was observed in the mass spectrometric 

analysis. This was later realized that DMNPE diazo preferentially reacts at the 

terminal phosphates and thus an oligo without terminal phosphate would react 

slowly with dsRNA and preferentially modifying nucleobases rather than 

internal phosphates.  This modified dsRNA was tested in HeLa cells for LARI 

switch and due to fewer modifications it could not block RNAi activity in the 

absence of light resulting into a poor off/on switch. 
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Figure 14. DMNPE-modified of dsRNA targeting GFP containing no terminal 
phosphates  

 

When a dsRNA containing four terminal phosphates was modified with 

DMNPE diazo, all four terminal phosphates were preferentially modified with 

fewer higher modifications. When this caged dsRNA was tested in HeLa cells 

with 1.56 nM concentration, the switch was dramatically improved from no 

switch to a decent LARI switch. However, RNAi was only partially blocked 

(approximately 70%) in the absence of light consistent with the earlier discussed 

problem. Furthermore, when concentration of caged dsRNA was reduced to 1.15 

nM, RNAi was completely abolished in the absence of light as desired. However, 

by using lower concentrations of caged dsRNA, RNAi could not be regained 

back to normal levels using non-phototoxic concentrations of light. 
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Figure 15. Using tetramodified dsRNA, better LARI switch was observed. By 
decreasing the concentration of caged dsRNA from 1.56 nM (left graph) to 1.15 
nM (right graph) residual RNAi problem could be eliminated. However, the 
regain of RNAi in the presence of light was incomplete. 

 

5) Changing the properties and size of caging groups 

Shah and coworkers tried multiple approaches of attaching DMNPE or 

DMNPE-like caging groups on various sites of siRNA/dsRNA as discussed 

earlier. However, none of the position or sites of modifications gave the desired 

“ideal” off/on switch with LARI. One of the reasons could be that the properties 

of DMNPE photolabile groups are not ideal for the LARI. Therefore, we could 

either try to replace the photolabile group with other commercially available 

photolabile groups or we could modify the DMNPE photolabile group to 

modulate and improve the LARI switch. By incorporating a larger size 

photolabile group we could potentially block RISC better and therefore our 

problem of incomplete abrogation of RNAi activity could be resolved. 
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Furthermore, we could install a higher wavelength photolyzable group to avoid 

any phototoxicity caused due to longer irradiation time. Therefore, we might be 

able to use more light for photolysis remaining in the state of non-phototoxic 

level. This way we could turn on RNAi more effectively in the presence of light. 

In this attempt, Shah and coworkers synthesized and tried another coumarin 

based photolabile group that photolyzes at 402 nm. This [7-

(diethylamino)coumarin-4yl]methyl group, commonly abbreviated as DEACM 

was used for attaching onto 5’ phosphate of antisense strand of siRNA. In 

another attempt, these groups were also attached near the center of siRNA 

sequence by incorporating phosphorothioates at 9-10 or 10-11 bases. When tested 

for LARI switch in HeLa cells, none of these caged siRNAs could block RNAi in 

the absence of light.  Hence the key problem of blocking RNAi remained a major 

concern. One important point to note here is that the siRNA modifications were 

limited to either one terminal or towards the middle. However, from our 

DMNPE results we found that by modifying all four terminals of siRNA/dsRNA 

we can get better LARI switch. Furthermore, the size of the DEACM group is 

moderately larger than DMNPE group. Therefore, one can expect to get more 

dramatic results by increasing the size of the photolabile group further or by 

changing the chemical properties of the group. 

Therefore, Shah and coworkers tried another approach of increasing the 

size of DMNPE group to address the prime issue. However, the key challenge of 

increasing the size of the DMNPE group is the unavailability of second 

functionality to react with another molecule.  Furthermore, this functionality 

must be orthogonal to the diazo-based chemistry used for reacting phosphates of 

siRNA/dsRNA. 
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Figure 16. DMNPE hydrazone (top) does not contain any handle for attachment 
of other functionalities. However, DMNPE-acid (bottom) contains a carboxyl 
linker (circled) that can attach a range of amino containing molecules besides 
attaching to siRNA or dsRNA (box). 

 

By following literature, Shah and coworkers synthesized DMNPE-acid 

that has a carboxylic acid functionality to react with a range of amines. These 

amines can be selected to modulate the overall chemical properties of the 

DMNPE without affecting its electronic properties required for the photolysis 

events. Some of these properties can be polar/non-polar, charge/no charge, 

carbon/heteroatoms, planer/non-planer and size. Shah and coworkers used two 

different amines, 4- methoxyphenylethyl amine and adamantane-methyl amine 

for making DMNPE-methoxyphenylethyl amide and DMNPE-adamantane-

methyl amide respectively.  These new photolabile groups were first converted 

to hydrazone, then diazo and finally reacted with dsRNA containing all four 

terminal phosphates.  
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Both the new caging groups were able to block RNAi in the absence of 

light to a better extent than DMNPE groups. However, adamantane-methyl 

based caging group was better than methoxyphenylethyl in regaining back the 

RNAi activity in the presence of light. However, both these groups were worse 

than DMNPE in restoring RNAi activity in the presence of light. 

 

Figure 17. LARI using tetramodified DMNPE-adamantane methyl amide (left) 
and DMNPE-methoxy phenyl amide (right) caged dsRNA-targeting GFP. 
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Table 1. A summary of approaches tried by Shah and coworkers in our lab. 
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Although Shah and coworkers could not achieve the ideal LARI switch 

using this strategy, it holds a big promise in terms of applying the chemistry to 

synthesize and screen multiple molecules containing amine groups to attach on 

to DMNPE and change various chemical properties of this photolabile group. A 

major portion of this dissertation is based on developing new strategies for 

achieving ideal switch with LARI. 

Based on these hypotheses, we designed and synthesized various 

photolabile groups containing different modifications on DMNPE. These 

modified-DMNPE groups were of varying size, polarity, charge and 

functionality. Various functionalities include cross-linkers, dendrimers, 

intercalators, fluorophores, hydrophobic molecules, etc. These will be discussed 

later in greater detail in the next chapter. 
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CHAPTER 2 

VARIOUS APPROACHES TO ACHIEVE LARI 

Development of HPLC purification method for purification of caged 

tetramodified species 

All earlier experiments were performed using caged dsRNA which was 

precipitated to remove any unreacted caging group and then characterized by 

MS analysis to check the level of modifications. However, none of these modified 

dsRNA were characterized further to quantitate the level of modifications. 

Furthermore, caged dsRNA with different levels of modifications was not 

separated or purified. Therefore these results were overlay of multiple types of 

caged dsRNA with different photocleavable kinetics. This could be the reason of 

incomplete deprotection of caged dsRNA in the presence of non-phototoxic level 

of light We developed an HPLC purification method in our lab for the 

purification of different levels of DMNPE-modified siRNA and dsRNA [68]. We 

used these HPLC purified modifed siRNA and dsRNA for testing their biological 

activity.  

HPLC procedure for purification of DMNPE caged siRNA/dsRNA 

Both DMNPE caged siRNA and dsRNA were purified by reversed phase 

HPLC using a Microsorb-MV 100-5 C8 column (250 x 4.6 mm, Varian). Solvent-A 

was 0.1 M triethylammonium acetate buffer (pH 7.0) and solvent-B was 50% 

ACN in solvent A. HPLC grade water (Fisher) was used to prepare the buffer. 

Flow rate was1.0 mL/min. Gradient was 0% B to 40% B over 45 minutes and 

then increased to 100% B at 60 min and maintained at 100% B until 70 min. 90 µL 
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injections (~50 µM) of DMNPE caged siRNA and dsRNA samples were used for 

purification. Collected fractions were dried under vacuum centrifuge (Speed-

Vac) to completely evaporate the buffer. Samples were reconstituted in RNase 

free water and appropriate dilutions were made for the analytical run, which 

was performed using the same gradient, as described above. 

 
 

Figure 18. Chromatogram of purified DMNPE modified siRNA at 260 nm (top) 
and 346 nm (bottom).  Asterisks indicate peaks seen in blank injections.[68] 
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Figure 19. Chromatogram of purified DMNPE modified dsRNA.  Asterisks 
indicate peaks seen in blank injections.[68] 

 

 
 

Figure 20. ESI-MS of purified DMNPE modified siRNA.  Asterisks indicate 
depurination products.[68] 
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Figure 21. ESI-MS of purified DMNPE modified dsRNA.[68] 
 

Once different species were purified by HPLC, each sample was 

characterized by MS analysis and then tested again for its LARI switch efficiency.  

We obtained similar results again with the DMNPE caged dsRNA.  

 

 
Figure 22. Biological assessment of HPLC purified DMNPE-modified siRNA and 
dsRNA.  Dark bars indicate un-irradiated samples and light bars indicate 
samples irradiated for 10 minutes [68].  
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However, in case of DMNPE caged siRNA we found that the RNAi was 

almost blocked by the DMNPE groups. However, again the problem of 

incomplete regain of RNAi activity remained a key issue. To solve this major 

issue we designed other strategies involving synthesis and conjugation of new 

caging groups onto siRNA or dsRNA. 
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Cyclization of siRNA/dsRNA using photolabile group, an approach towards 

optimization of LARI 

Rationale 

Besides several attempts to achieve LARI, previous approaches discussed 

in the chapter 2 could not attain a perfect off/on switch. However, during this 

optimization process, several new facts came into picture from the experiments 

and observations. 

Shah and coworkers found that DMNPE diazo preferentially reacts with 

the terminal phosphates of siRNA/dsRNA. Furthermore, siRNA/dsRNA caged 

with DMNPE diazo at all four terminal phosphates (tetra-modified 

siRNA/dsRNA) showed better results in terms of LARI switch compared to 

caged siRNA modified at internal sites. Additionally, tetra-modified 

siRNA/dsRNA demonstrated better LARI results compared to siRNA with 

fewer modifications on the terminal, for example, 5’ antisense strand or 3’ sense 

strand. We can exploit this knowledge to synthesize photocleavable cyclic 

siRNA/dsRNA. Furthermore, it was found that by increasing the size of the 

photolabile group using DMNPE-like groups the LARI switch was further 

improved.  

In pursuit of optimization of the RNAi off/on switch by light activated 

RNA interference we tried to cyclize the siRNA/dsRNA via synthesized 

photocleavable cross-linker. By cyclizing siRNA/dsRNA using photocleavable 

group we propose to abrogate RNAi by blocking dicer or RISC.  
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Figure 23. Cyclized dsRNA using photolabile groups. Cyclic dsRNA may block 
dicer better. Furthermore using heat we might be able to unwind the strands to 
get circular dsRNA. Using light these photolabile groups can be photocleaved to 
regenerate the native dsRNA. 

 

We propose that cyclization using photocleavable groups may not only 

block dicer by steric hindrance but may also mask its recognition of cyclic 

siRNA/dsRNA. Furthermore, cyclization can stabilize the siRNA/dsRNA and 

may impede the unwinding event by RISC complex. Therefore in the absence of 

light RNAi should be turned off. However, once irradiated with light, the 

photocleavable ends should be photolyzed yielding native siRNA/dsRNA. 

It has been recently reported in the literature that dumbbell shaped cyclic 

siRNA designed by adding two terminal 9 nucleotide loops to a 23-mer siRNA, 



  45 

causes prolonged RNA interference effect by slowing down release of strands by 

dicer [114, 115]. Furthermore, our cyclization approach could be interesting for 

understanding the mechanism of RNAi, in particular how dicer or RISC 

encounters this new species. 

Approach for cyclization: Using bi-functionalized photolabile crosslinker 

As discussed earlier, when Shah and coworkers used a hairpin containing 

siRNA in which 5’ end of the antisense strand was modified with a 

photocleavable linker that was further cross-linked with 3’ end of the sense 

strand via a non-photocleavable bond. Using this strategy, RNAi was 

substantially blocked (~78%) by hairpin but was not able to regain RNAi activity 

using light (~46%). These results further indicate that crosslinking 

siRNA/dsRNA using photolabile groups to cyclize the duplex might block RNAi 

better in the absence of light. However in the presence of light very moderate 

restoration of RNAi was observed. One possible reason could be that the 3’ end 

of the sense strand was previously designed to be non-photocleavable and hence 

could not generate native siRNA upon photolysis, resulting into loss of RNAi 

activity. The reason of choosing a non-photocleavable linker on 3’ end was based 

on two reasons, the commercial availability of PC linker and the literature 

precedence indicating that 3’ end of the sense strand is tolerable to modifications. 

However, if we follow the similar approach of attaching a single photolabile 

group on each side to cyclize the RNA, we might face the similar problem of 

incomplete restoration of RNAi in the presence of light.  

Therefore in order to address this issue we propose to cyclize 

siRNA/dsRNA using photocleavable cross-linkers at all four terminals. Thus 
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upon photolysis all photolabile groups should cleave leaving behind native 

siRNA/dsRNA containing four terminal phosphates. Furthermore, by cyclizing 

RNA using four photolabile groups, we may block RNAi better in the absence of 

light. This is because, we have learned from earlier experiments by Shah and 

coworkers that tetra-modified RNA provides better control of LARI than RNA 

modified with lesser number of photolabile groups. 

These are several ways to design the photolabile cyclic siRNA/dsRNA. 

We propose to cyclize the siRNA/dsRNA based on earlier findings by Shah and 

coworkers that DMNPE diazo reacts with terminal phosphates of 

siRNA/dsRNA with high regio-specificity. These findings were further 

confirmed by performing HPLC analysis and other members of our lab (Dipu 

Karunakaran, Ashish Kala) also conducted purification of final modified siRNA 

and dsRNA. We applied these findings to create photolabile cyclic 

siRNA/dsRNA. For this purpose, we sought to synthesize bi-functionalized 

photolabile crosslinkers of varying length based on DMNPE and then react them 

with siRNA/dsRNA terminals containing phosphate. However, we faced several 

challenges during synthesis of photolabile groups and modification of RNA and 

the issues will be discussed later in this chapter. 

Synthesis of various bis-DMNPE photolabile crosslinker 

Commercially available DMNPE contains a hydrazone group that can be 

facilely converted to the diazo group. This diazo was found to be preferentially 

reactive with the terminal phosphates of siRNA or dsRNA. However, it does not 

possess any other orthogonal functionality besides the hydrazone group. 

Synthesis of a bis-DMNPE crosslinker with two DMNPE groups attached 



  47 

together via a linker required the introduction of another functionality to the 

DMNPE. Furthermore, this new functional group must be orthogonal to the 

hydrazone-based reaction and also keeping in mind that it should not affect the 

electronics of DMNPE that is required for photocleavability.  To achieve this we 

introduced a handle of carboxylic acid group to the DMNPE and the new 

molecule was referred as DMNPE-acid. We chose carboxylic acid as a handle 

since it can be easily coupled to amino groups, for example, by using a di-amino 

linker we can conjugate two DMNPE-acids together. 

Furthermore, Shah and coworkers had previously synthesized this 

molecule in our lab by following the literature [116]. We synthesized (4-Acetyl-2-

methoxy-5-nitro-phenoxy)-acetic acid (or DMNPE-acid) from 4-Acetyl-2-

methoxy-phenol (or acetovanillone) in two reaction steps by following the 

literature with slight modifications discussed later. In the first reaction, we 

performed alkylation of phenolic group of acetovanillone using tert-butyl 

bromoacetate to synthesize tert-butyl 2-(4-acetyl-2-methoxyphenoxy)acetate (or 

keto-ester). In the second reaction, we performed nitration and ester hydrolysis 

in a single step to finally yield DMNPE-acid.  

 



  48 

 

Figure 24. DMNPE-acid molecule with orthogonal functionality can be used as 
an alternative molecule to attach various R groups without affecting 
photocleavability.  

 

In order to get some insights about the length of a bis-amino crosslinker 

required for cyclization, we performed molecular modeling using Spartan® and 

Chimera® software. We found that even the smallest amino acid (lysine) might be 

of enough length, after attachment of two DMNPE-like groups, as a linker to 

crosslink terminal phosphates of dsRNA strands. To provide more flexibility to 

the linker and increase chances of cyclization, a slightly longer amino acid could 

be better as a linker.  

Synthesis of precursor molecules 

 

Figure 25. Synthesis of DMNPE-acid 
 



  49 

(4-Acetyl-2-methoxy-phenoxy)-acetic acid tert-butyl ester or keto-ester 

Keto-ester was synthesized by following literature with slight 

modifications and in 1/4th scale [116]. Briefly, acetovanillone (2.63 g, 15.8 mmol), 

tert-butyl bromoacetate (2.56 mL, 17.3 mmol) and potassium carbonate (3.60 g, 

26.0 mmol) were mixed in 18.75 mL of solvent N,N-dimethylformamide (DMF).  

This slurry was stirred at room temperature under nitrogen for 60 h.  Salts were 

dissolved by adding 100 mL of water and the resultant white precipitate was 

further purified by partitioning between ethyl acetate and saturated sodium 

chloride solution.  Combined organic layer was washed multiple times with 

saturated sodium chloride solution, dried using granular magnesium sulfate and 

evaporated to yield shiny white powder of DMNPE-ester.  Yield 4.35 g (98%), 

Purity (>99% from NMR), TLC (EtOAc/MeOH, 75:25 v/v): Rf = 0.7; 1H NMR 

(400 MHz, DMSO-d6): δ 7.53 ppm (d, J = 8.4 Hz, 1H), 7.42 (s, 1H), 6.89 (d, J = 

8.8); 13C NMR (100 MHz, DMSO-d6, 0.03% TMS): δ 199.3, 165.8, 153.5, 147.8, 137.6, 

132.1, 109.9, 108.7, 67.7, 56.6, 44.1, 30.0, 29.8, 23.3, 23.1, 22.8, 21.3; UV/vis 

(DMSO): λmax (ελ) in DMSO: 262 nm (8037 M−1 cm−1), 343 nm (4500 M−1 cm−1); MS 

(m/z): [MH]+ calcd for C15H20NO5, 281.1; found, 281.5; reversed phase HPLC−MS 

(flow rate 0.3 mL/min, runtime 30 minutes, injection volume 25 µL) solvent A 

(0.1% formic acid in H2O), solvent B (0.1% formic acid in acetonitrile (ACN)), 

gradient 50% B to 100% B over 10 minutes, isocratic 100% B for 17 minutes, 100% 

B to 0% B over 3 minutes, C8 Hypersil column (5 µm, 100 × 4.6 mm, Varian): 

retention time (min) 17.21; ESI−MS (m/z): [MH]+ calcd for C15H20NO5, 281.1; 

found, 281.5. 
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 (4-Acetyl-2-methoxy-5-nitro-phenoxy)-acetic acid or DMNPE-acid  

 DMNPE-acid was synthesized by following the literature [116]. To 

an ice-cold solution of nitric acid (4 mL) and acetic anhydride (2.7 mL), a solution 

of compound 1 (1.00 g, 3.6 mmol) in acetic anhydride (4 mL) was slowly added.  

The solution was stirred for 2 hours in ice and then for 4 hours at room 

temperature.  Order of addition of reagents and cooling and stirring were found 

to be the crucial for getting pure product in good yield. The mixture was poured 

to ice cold water (25 mL) and kept at 4 °C for overnight.  Precipitate was filtered, 

washed with chilled water (~4 °C) and dried in rotovap to obtain off-white 

product.  Yield 407 mg (42%), Purity (99%, NMR); TLC (EtOAc/MeOH, 75:25 

v/v): Rf = 0.3; 1H NMR (400 MHz, DMSO-d6): δ 7.53 ppm (s, 1H), 7.20 (s, 1H), 9 

(d, J = 8.8); 13C NMR (100 MHz, DMSO-d6): δ 199.3, 165.8, 153.5, 147.8, 137.6, 

132.1, 109.9, 108.7, 67.7, 56.6, 44.1, 30.0, 29.8, 23.3, 23.1, 22.8, 21.3; UV/vis 

(DMSO): λmax (ελ) in DMSO: 262 nm (8037 M−1 cm−1), 343 nm (4500 M−1 cm−1); MS 

(m/z): [MH]+ calcd for C11H11NO7, 270.1; found, 270.2; reversed phase HPLC−MS 

(flow rate 0.4 mL/min, runtime 30 minutes, injection volume 25 µL) solvent A 

(0.1% formic acid in H2O), solvent B (0.1% formic acid in acetonitrile (ACN)), 

gradient 0% A to 100% B over 27 minutes, isocratic 100% B for 2 minutes, 100% B 

to 0% A over 1 minute, C8 Hypersil column (5 µm, 100 × 4.6 mm, Varian): 

retention time (min) 13.94; ESI−MS (m/z): [MH]+ calcd for C11H11NO7, 270.1; 

found, 270.2. 
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Figure 26. ESI-MS (positive ion mode) characterization of starting material 
DMNPE-acid. 
 

Synthesis of homobifunctional photo-crosslinker 

The bis-DMNPE photocrosslinker was synthesized using multistep 

synthesis with maximum number of steps performed on solid phase. We used 

solid phase synthesis to increase the efficiency of reactions by driving them close 

to their completion and to eliminate the need for purification step after each 

reaction.  

Furthermore, to eliminate the need for a separate side chain deprotection 

step required in the solid phase synthesis, we selected a linker with two amino 

groups and both groups protected by Fmoc. We selected the diFmoc L-

diaminopropionic acid (Anaspec) which provides an extra handle of carboxylic 

acid group for attachment on to resin besides two amino groups required for the 

coupling of two DMNPE-acid.  
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Figure 27. Synthesis scheme of photolabile cyclic siRNA 
 

Fmoc protected Rink amide resin (50 mg, loading density 0.7 mmol/mg) 

was soaked twice in NMP (500 µL) for 15 minutes each and then deprotected 

twice for 15 minutes using 20% piperidine in NMP (500 µL) to generate free 

amino groups. Resin was then washed about five times with NMP. Carboxylic 

groups of Fmoc-L-Dap(Fmoc)-OH (300 mM) were first activated by addition of 

HBTU (300 mM), HOBt (300 mM) and DIEA (600 mM) in NMP (500 µL) for 10-15 

minutes. This activated reaction mixture was then added to the deprotected Rink 
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amide resin and allowed to react for 2 hours. Resin was washed five times with 

NMP and then capped the unreacted free amino groups using a mixture of 10% 

acetic anhydride and 5% DIEA in NMP (500 µL) for 1 h.  Resin was then washed 

several times with NMP. Fmoc groups present on the attached Fmoc-L-

Dap(Fmoc)-NH-Resin was then deprotected by treating resin two times with 20% 

piperidine in NMP (500 µL) for 15 minutes each. Resin was then washed five 

times with NMP and then coupled with DMNPE acid for overnight using an 

activated mixture of DMNPE acid (300 mM), HATU (300 mM) and DIEA (600 

mM). Resin was washed five times with NMP (500 µL), and then capped the 

unreacted free amino groups using a mixture of 10% acetic anhydride and 5% 

DIEA in NMP (500 µL) for 1 h.  Resin was again washed several times with NMP 

and DCM (500 µL), air dried and then a small amount of resin was cleaved by 

using 95% TFA/water for 1 h. Cleaved bis-DMNPE-ketone (DMNPE-amide-L-

Dap(DMNPE amide)) product in TFA was dried under nitrogen, precipitated 

and washed twice using cold ether (500 µL) and dried off in air and vacuum. The 

product was dissolved in DMSO (20 µL). The cleaved bis-DMNPE-ketone 

product was characterized using MS and HPLC by diluting in water.  

Conversion of bis-DMNPE-ketone to bis-DMNPE-hydrazone 

We attempted for the first time in our lab to convert a bis-DMNPE-ketone 

conjugated to the Rink amide resin was to bis-DMNPE-hydrazone on the solid 

phase. However, we slightly modified the solution phase protocol for the 

conversion of ketone to hydrazone as published in the literature [117]. Briefly, a 

mixture containing excess of hydrazine monohydrate (1.12 mmol, 54.5 µL), 

glacial acetic acid (0.5 mmols, 32 µL) in 95% ethanol (1000 µL) was added to the 
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resin containing bis-DMNPE-ketone (18-23 µmols in 35 mg resin),  and then 

heated at 90 °C for 4 h. The resin was allowed to cool down for 15 minutes and 

then washed several times with 95% ethanol, dried and resin was cleaved by 

using 95% TFA/water for 1 h. Cleaved bis-DMNPE-hydrazone product in TFA 

was dried under nitrogen, precipitated and washed twice using cold ether (500 

µL) and dried off in air and vacuum. The product was dissolved in anhydrous 

DMSO (100 µL). Yellow color bis-DMNPE-hydrazone product was characterized 

using UV-visible spectroscopy (λmax= 243 nm, 346 nm) and LC-MS by diluting in 

water. Very low yield (~2%) of bis-DMNPE-hydrazone was obtained as 

characterized by LC-MS. 

 

 

Figure 28. Conversion of bis-DMNPE-ketone to bis-DMNPE-hydrazone on the 
solid phase 
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Conversion of bis-DMNPE-hydrazone to bis-DMNPE-diazo 

Bis-DMNPE-hydrazone (yellow color, λmax= 243 nm) was oxidized to bis-

DMNPE-diazo (red color, λmax= 500 nm) using MnO2. Briefly, bis-DMNPE-

hydrazone (1.1 mM, 100 µL) solution in anhydrous DMSO was treated with 

MnO2 (3.3 mg) for 50 minutes in a shaker. Bubbling of MnO2 was observed 

during reaction and color of the mixture turned reddish-black. After the specified 

time the suspension was centrifuged using micro-centrifuge for 1-2 minutes and 

supernatant was filtered through Celite® pad supported by glass wool in a glass 

Pasteur pipette. In a separate experiment it was observed that, MnO2 could also 

be removed by filtering the mixture through 0.22 µM spin filter (Millipore) 

followed by ultra centrifugation at 8000 rpm for 2 minutes.  Bis-DMNPE-diazo 

was difficult to observe with MS analysis, probably due to instability of diazo 

group, however, UV-visible analysis showed a distinct peak at 500 nm 

suggesting formation of diazo chromophore. Although a new chromophore 

absorbance was observed in the UV-visible, however, it does not confirm that it 

was bis-DMNPE-diazo. It might be possible that only mono-substituted diazo 

was present without any bis-substituted diazo. However, we had observed 

earlier with similar DMNPE like groups that mono-substituted diazo have λmax 

around 450 nm instead of 500 nm, suggesting presence of an additional species 

besides mono-substituted diazo. 

Reaction of bis-DMNPE-diazo with dsRNA targeting GFP 

Single stranded oligos, containing 3’ and 5’ phosphate, targeting GFP were 

procured from IDT. dsRNA was yielded by annealing sense (50 µM) and 
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antisense strand (50 µM) with Tris-acetate EDTA buffer (12.5 mM Tris, 12.5 mM 

acetate, 0.3 mM EDTA, pH 8.3 ± 0.4) by heating at 85 °C for 15 minutes and then 

slowly cooling the solution for 90-120 minutes to achieve room temperature (rt). 

When dsRNA (1 µM, 400 µL) was reacted with 400 equivalents of bis-DMNPE-

diazo in DMSO (800 µM bis-diazo or 1600 µM diazo, 200 µL) for 24 h, no reaction 

was observed. After reaction, dsRNA was precipitated by treating reaction 

mixture with ammonium acetate (9.0 M, 300 µL) for 15 min followed by addition 

of glycogen (20 mg/mL, 2 µL) and 2.5 volumes of ethanol (2.3 mL).  

 

Figure 29. ESI-MS of cyclic photocaged dsRNA reacted at 1 µM dsRNA 
concentration with 400 µM of di-DMNPE diazo caging group did not show signs 
of reaction. Sample was characterized by ESI-MS infusion using dsRNA (5-10 
µM) in 49.5% acetonitrile, 49.5% water and 1% triethylamine. Expected mass of 
the cyclic product was 18702.0, however, observed mass were 8721.0 and 8858.0, 
corresponding to unmodified sense strand (expected: 8712.0) and antisense 
strand (expected: 8849.0), respectively. 
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Optimization of reaction by changing reaction conditions or length of linker 

Reaction conditions 

We found that we used dsRNA with a final concentration of 25-fold lower 

than previously reported (1 µM vs. 25 µM) by Shah and coworkers. Furthermore, 

the concentration of diazo was about 7.5-fold lower (1600 µM vs. 12.0 mM). 

Hence, effectively 188-fold lower reaction rate. Therefore to improve the caging 

reaction we repeated caging using higher concentration of oligo (25 µM) and 

equivalents of diazo (2.5 mM didiazo, 5.0 mM diazo) at 1:2 DMSO to water ratio. 

Reaction was performed with both siRNA and dsRNA containing terminal 

phosphates. 

We observed signs of single modification in each strand in both siRNA 

and dsRNA. However, majority of the RNA remain unmodified and we could 

not achieve cyclization or two modifications per strand. These results suggest 

that increasing the concentration of reactants can improve the reaction, however, 

we were limited by the solubility of the reagent as we observed precipitation of 

the diazo reactant. Besides reaction conditions, the length of bifunctional 

photolabile crosslinker can be an important parameter for proper reaction. 

Therefore, in attempt to cyclize the dsRNA, we designed and synthesized 

bifunctional photolabile crosslinker of various lengths and performed caging in 

the similar fashion. 

Length of bifunctional photolabile crosslinker 

 Selecting proper length of a crosslinker can be an important factor 

for crosslinking. To provide more flexibility to the linker and increase chances of 
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cyclization, a slightly longer amino acid may be needed. Therefore, we designed 

and synthesized various other linkers. Earlier, we designed and selected scaffold 

of crosslinker by performing molecular modeling using Spartan® and Chimera® 

software. In all our earlier studies, we used 2,3 diaminopropionic acid (dap) as 

scaffold for synthesizing DMNPE based bifunctional photolabile crosslinker. In 

this diamino scaffold, the amino groups are separated by two carbon atoms, and 

hence, for convenience we will refer dap as linker-2. Similarly, we designed three 

more longer diamino scaffolds using combination of lysine and ornithine with 

glycine and ϒ-amino butyric acid (GABA). These solid-phase linkers were linker-

5 (Lysine), linker-10 (Glycine-Ornithine-Glycine), and linker-15 (GABA-Lysine-

GABA) with 5, 10, and 15 atoms bridging the two terminal amino groups, 

respectively.  

 

Figure 30. Different length linkers attached on the resin 
 

 

We synthesized bis-DMNPE-hydrazone with various length linkers on the 

solid phase as described earlier. For linker-5 and linker 15, di-Fmoc lysine was 

used instead of di-Fmoc dap during first coupling with the deprotected resin. 

Remaining steps and conditions were similar. Similarly for linker-10, di-Fmoc 

ornithine was first coupled. In all the cases, resin was capped after first coupling 

and then deprotected for the second coupling using 20% piperidine in NMP. For 
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linker-10 and linker-15, Fmoc glycine and Fmoc GABA were used respectively 

for the second coupling. In both the cases, resin was capped after second 

coupling, deprotected using 20% piperidine in NMP and then coupled with 

DMNPE-acid. Remaining steps were similar to dap based linker-2 conditions as 

described earlier. 

Therefore in order to determine the proper reaction conditions we 

designed and tested a model system. 

 

A 

 

B 

 

C 

 

D 

 

 
Figure 31. Bifunctionalized DMNPE ketones on resin (A), hydrazones on resin 
(B), hydrazones cleaved from resin (C), diazo (D) connected by linker-2, linker-5, 
linker-10 and linker-15.  
 

A biological system developed earlier in our lab was employed for all the 

caged duplexes. [68, 70, 98]  



  60 

 

Figure 32. Biological studies of unpurified linker. Since linker-5 showed higher 
amount of caging in the MS we found better results with linker-5 with HeLa 
cells. We hypothesize that the due to cyclization or caging issues we could not 
get better results and hence we propose to resolve this issue by optimizing the 
reaction steps. Furthermore these dsRNAs were not purified by HPLC. 
 

Synthesis of multimeric DMNPE group using dendrimer approach 

 Since increasing the linker length could not resolve the issue we proposed 

to synthesize multimeric branched DMNPE terminated dendrimer to aid in the 

cyclization. For this purpose, we synthesized lysine-based dendrimers of various 

generations and incorporated DMNPE-acid on the solid phase. We started 
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synthesis at very low density (5% of loading density) to provide enough space 

for the final large-size dedrimer molecule. After the third generation (G3) of 

lysine dendrimer we attached DMNPE-acid in two different molar ratios, in one 

case DMNPE-acid was taken in excess (20x) and in the other case DMNPE-acid 

was coupled in lower molar ratio (1x).  

The first case would have higher amount of DMNPE groups per 

dendrimer molecule and thus could aid in the cyclization. However, there are 

higher chances of intermolecular reaction of duplexes to form polymeric material 

and could be hard to characterize. In the later case with lower DMNPE groups, 

due to limited number of DMNPE groups and dendrimer could be attached as a 

bulky photocleavable group on the termini of the duplexes and may block dicer 

or RISC more efficiently. Furthermore it could serve as a delivery agent. 

However, due to multicationic nature of the proposed dendrimer and 

polyanionic nature of siRNA, ionic interactions can be very strong and can form 

complex structures which could be hard to characterize. We performed the 

synthesis of the proposed dendrimers and characterized the product at each step 

using LC-MS and ESI-MS. 
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Figure 33. Synthesis of dendrimers on solid phase 
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Figure 34. Final proposed dendrimer based multimeric DMNPE. Left side 
structure represents lower density of DMNPE groups for serving as a delivery 
agent, while right side structure represents higher density of DMNPE groups for 
effecting cyclization. 
 

We were able to successfully synthesize and characterized (by ESI-MS) the 

third generation (G3) lysine dendrimer terminated with all DMNPE groups (a 

total of eight) using 20x of DMNPE-acid in the last coupling step. However, in 

addition to the major peak we observed an unknown peak. In case of 1x of 

DMNPE-acid, we could not see the any attachment of the DMNPE group. Before 

pursuing further with this approach we performed optimization of hydrazone 

conversion reaction on the resin since we faced several challenges during 

synthesis of bis-DMNPE-hydrazones. 

Optimization of each reaction step using a model system 

Model systems can be very useful for determining reaction conditions and 

troubleshooting problems. We designed a simpler system of mono-DMNPE to 

figure out the problematic step in our approach (Figure 42) 
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Figure 35. Synthetic scheme of model system for optimization of solid phase 
reaction condition. 
  

We found that color of bis-DMNPE-diazo was brownish rather than being 

red suggesting that diazo was not forming properly. However, the MnO2 based 

diazo conditions worked efficiently for commercially obtained DMNPE 

hydrazone. Therefore we hypothesize that starting material of diazo i.e. bis-

DMNPE-hydrazone could be the concerning molecule. Furthermore, we found 

that the yield for the conversion of bis-DMNPE-ketone to bis-DMNPE-hydrazone 

was very low as discussed earlier. This could be attributed to either the synthetic 

procedure or to the molecule itself. Solid phase conversion of bis-DMNPE-ketone 

to bis-DMNPE-hydrazone may be affecting the yield and purity of the product, 

since we performed synthesis of bis-DMNPE-hydrazone on solid phase by 

following literature.[117] This reference reports hydrazone conversion in solution 
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phase instead of solid phase for DMNPE-like molecules. To further delineate the 

issue we synthesized model mono-DMNPE-hydrazone using different 

optimization conditions and calculated the yield and purity of the product. 

For this purpose we coupled DMNPE-acid on to deprotected resin 

(deprotected using 20% piperidine/NMP) using HBTU, HOBt.H2O and DIEA in 

NMP and then capped discs using 10% acetic anhydride, 5% DIEA in NMP. We 

converted ketone group into hydrazone using hydrazine hydrate, acetic acid in 

95% ethanol at different temperatures (50 °C or 85 °C) for specified duration (1 h, 

3 h or 24 h). Finally the resin was cleaved using 95% TFA in DCM and TFA was 

dried off under nitrogen. Product was obtained by washing two times with cold 

ether, drying off ether and dissolving in DMSO. Product was characterized using 

LC-MS and percentage yields of product DMNPE-hydrazone, side-product 

DMNPE-azine and unreacted starting material DMNPE-ketone were determined 

by calculating from peak areas and determining relative percentage of each 

species from total wavelength chromatogram (TWC) for each condition. Results 

are reported in the table 2. 

We found that the best condition to be 3 h, 85 °C which yielded 61.0% of 

the product with 89.5% pure product DMNPE-hydrazone, and low amounts of 

side product DMNPE-azine (9.0%) and unreacted starting material DMNPE-

ketone (1.5%).  

 
Table 2. Different reaction conditions used for the optimization of synthesis of 
DMNPE-hydrazone on resin. Percentage yield of reactant, side product and 
desired product are mentioned. 
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We further used this DMNPE-hydrazone and converted to DMNPE-diazo 

using manganese (IV) oxide. We observed red color and absorbance peak at 450 

nm in the UV-visible spectroscopy suggesting signs of conversion. We then 

reacted 5’ uridine monophosphate (UMP) with this diazo and observed expected 

mass in the LC-MS suggesting successful solid phase conversion of DMNPE-

ketone to DMNPE-hydrazone, solution phase conversion of DMNPE-hydrazone 

to DMNPE-diazo and reaction of DMNPE-diazo with 5’ phosphate of the UMP.  

This optimization confirmed that solid phase hydrazone conversion works 

with mono-DMNPE based groups. We performed similar studies with bis-

DMNPE-hydrazone by first converting bis-DMNPE-hydrazone to bis-DMNPE-

diazo using MnO2 in DMSO and then reacting the bis-DMNPE-diazo (9 mM) 

with UMP (1 mM) keeping DMSO to water ratio as 2:1. We observed immediate 

precipitation of diazo during reaction when 9 mM concentration was used. 

However, precipitation was not an issue when 4.3 mM of diazo was used in the 

same DMSO to water ratio.  

S.No. Time, 
Temperature

Unreacted 
DMNPE-
Ketone 
Left (%)

Side-Product 
DMNPE-

Azine 
Formed (%)

Product 
DMNPE-

Hydrazone 
Formed (%)

Total Yield 
by Weight 

(%)

1 3 h, 850C 1.50% 9.00% 89.50% 61.00%
2 3 h, 500C 54.10% 27.00% 19.00% 64.20%
3 1 h, 850C 9.40% 21.70% 68.90% 70.80%
4 24 h, 850C 1.30% 58.40% 40.30% 47.20%
5 24 h, 500C 6.90% 71.10% 22.00% 58.50%
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Figure 36. ESI-MS (positive-ion mode) analysis of UMP modified with didiazo 
 

We analyzed the reaction mixture using ESI-MS with both positive and 

negative ion mode. In positive-ion mode we found very small amount of bis-

UMP-DMNPE product (MH+ expected: 1222.9 amu) along with unreacted bis-

DMNPE-hydrazone (MH+ expected: 634.6 amu), bis-DMNPE-azine (MH+ 

expected: 604.5 amu) and mono-hydrolyzed bis-DMNPE-hydrazone (MH+ 

expected: 622.6 amu) and monosubstituted-DMNPE-dap-hydrazone (MH+ 

expected: 413.4 amu). In negative-ion mode we observed the unreacted UMP 

([M-H]- expected: 322.2 amu) along with the bis-UMP-DMNPE product ([M-H]- 

expected: 1220.9 amu). 

From this experiment, we conclude that small amount of bis-DMNPE-

diazo was formed and reacted with 5’UMP and hence poor diazo conversion is 

the major problem. Furthermore, we hypothesize that it could be either due to 
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presence of unknown impurity introduced during synthesis or molecular 

structure itself which prevents conversion of hydrazone to diazo. 

Since the model nucleotide, 5’UMP, itself was not reacting with the bis-

DMNPE-diazo, either due to reaction of hydrazone with diazo to form azine 

during diazo conversion step or due to presence of other unknown impurities or 

other unknown reasons. We did not pursue further with the cyclization approach 

using linkers or dendrimers. We hypothesized that purification of reagents might 

be necessary after the hydrazone conversion step. While optimizing other later 

approaches we found that purification is the key step for hydrazone to diazo 

conversion. This will be discussed in detail in continuing chapters. Therefore, we 

switched from the idea of bis-DMNPE based cyclization to lesser complex idea of 

mono-DMNPE based attachment of various molecules.  

Attaching intercalator on the terminal phosphates of siRNA or dsRNA 

To control RNAi in an on/off manner using LARI we tried multiple chemical 

modifications of the siRNA or dsRNA. However, we were unable to achieve the 

desired on/off switch. In this section, we will describe another approach towards 

the same goal. We attempted to attach weak and strong intercalators on the ends 

of siRNA or dsRNA via a photocleavable linker.  

The basic nature of the intercalator is that it can insert itself between the 

base pairs of the duplex DNA or RNA. Therefore, we proposed that once 

intercalator is attached on the ends of the siRNA or dsRNA using a long 

photocleavable linker it could fold back and intercalate itself between the base 

pairs leading to inefficient dicer or RISC activity. Once irradiated using light, we 

can photolyze the attached group and release native siRNA or dsRNA. It is 
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possible that a strong intercalator would remain inserted into the base pairs even 

after photolysis. Furthermore, a strong intercalator may influence the rate of 

reaction of terminal phosphate of dsRNA with the diazo of DMNPE-intercalator 

group due to intercalation. However, when a weak intercalator is attached 

covalently on the ends of the dsRNA or siRNA, it can fold back and intercalate 

with the duplex due to higher effective concentration of intercalator provided 

that the photocleavable linker provides enough length and flexibility.  

 

Figure 37. Hypothetical model of photolysis of dsRNA caged with strong vs. 
weak intercalator. 

 

In the presence of light the photolabile group containing intercalator gets 

photocleaved and thus effective concentration of reversibly bound intercalator 

decreases leading to decreased intercalation. Therefore, using light we can 

possibly regain back the native siRNA or dsRNA, as illustrated in the Figure 44. 
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We chose ethidium derivative (5 benzylic acid derivative of ethidium) as a 

strong intercalator and quinoxaline derivative (quinoxaline-2-carboxylic acid) as 

a weak intercalator. We synthesized benzylic acid derivative of ethidium by 

following previously developed chemistry in our lab.[118] Briefly, the exocylic 

amine groups of 6-phenylphenanthridine-3,8-diamine were protected using 

ethylchloroformate.  The heterocyclic amine group of this protected molecule 

was then alkylated using 4-(bromomethyl) benzoate to achieve quaternary 

ammonium methyl benzoate. Finally the desired ethidium benzylic acid 

derivative was obtained by deprotecting the carbonate and ester protecting 

groups in a single step using hydrobromic acid.  

 

Figure 38. Synthesis of benzylic acid derivative of ethidium by following 
previously developed chemistry in our lab.[118] Commercially available 
ethidium bromide (in box) does not contain any easily modifiable functional 
group. At each step product was monitored using HPLC and characterized by 
MS. 
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Figure 39. MS analysis of ethidium benzylic acid synthesized using above 
mentioned protocol. Major peak at M+ 420.2 amu represents the product obtained 
during the final step of synthesis. Other minor peaks represent impurities 
formed during multi-step synthesis. 

 

 

Figure 40. Proposed folding and intercalation using photolabile strong 
intercalator attached to terminal phosphate of the dsRNA. 
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Materials and Methods 

Ethidium benzylic acid was synthesized by following the literature [118]. 

DMNPE-acid was synthesized by following the literature as discussed earlier 

[116]. 2-Quinoxaline carboxylic acid, piperidine, DIEA, hydrazine hydrate, 

ethanol, manganese dioxide and molecular sieves were obtained from Sigma 

Aldrich. α-N-α-Fmoc-lys(ε-N-ε-Mtt)-OH and ε-N-ε-Fmoc-ahx-OH (N-Fmoc 

protected 6-amino hexanoic acid), N-Fmoc-Rink amide resin and HATU were 

procured from Novabiochem, EMD-Millipore.  HBTU and HOBt hydrate were 

obtained from peptide international. TFA, acetic anhydride, glacial acetic acid, 

Celite® 545, 25x tri-acetate EDTA buffer (pH 8.0) and glass Pasteur pipette were 

purchased from fisher scientific. NMP was purchased from Advanced 

ChemTech. HPLC purified 21-mer and 27-mer oligonucleotides sequences with 

3’ and 5’ phosphates were synthesized by IDT.  HeLa cells were obtained from 

ATCC. GFP and RFP plasmids were obtained from Clontech. 96-well plates 

(Catalog # 3603) were obtained from Corning. 

GFP targeting RNA sequences used 

 
Sense strand (27-mer):  5’P AAG CUG ACC CUG AAG UUC AUC UGC ACC 

3’P 

Antisense strand (27-mer):  5'P GGU GCA GAU GAA CUU CAG GGU CAG 

CUU 3'P 

Sense strand (21-mer): 5’P GCA GCA CGA CUU CUU CAA GdTdT 3’P 

Antisense strand (21-mer): 5’P CUU GAA GAA GUC GUG CUG CdTdT 3’P 
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Sequences of GFP-targeting dsRNA (27-mer) and siRNA (21-mer) are 

mentioned below. Unitalicized nucleotides denote ribonucleotides while 

italicized nucleotides denote deoxyribonucleotides. 5’P and 3’P denotes terminal 

phosphates at 5’ and 3’ positions respectively. 

Synthesis of α-N-α-DMNPE-lys(ε-NH2)-resin 

N-Fmoc-Rink amide resin (100 mg) was soaked in NMP (1 mL) for 15 

minutes, washed with NMP (500 µL). Fmoc protected amino group on the resin 

was deprotected by treating twice with 20% piperidine in NMP for 15 minutes 

followed by washing five times with NMP (500 µL). Carboxylic acid group of α-

N-α-Fmoc-lys(ε-N-ε-Mtt)-OH (300 mM, 1 mL) was first activated by using a 

mixture of coupling reagent HBTU (300 mM, 1 mL), HOBt.H2O (300 mM, 1 mL), 

DIEA (600 mM, 1 mL) in NMP and then coupled onto deprotected amino-

containing resin for 6 h. Resin was washed about five times with NMP (500 µL) 

and unreacted amino groups were capped using 1 mL of 10% acetic anhydride, 

5% DIEA in NMP for 15 minutes. After washing the five times with NMP (500 

µL), Fmoc group on α-N-α-Fmoc-lys(ε-N-ε-Mtt)-resin was deprotected by treating 

twice with 20% piperidine in NMP for 15 minutes. This resin was again washed 

five times with NMP (500 µL) and then coupled with DMNPE-acid (300 mM, 1 

mL) by first activating the carboxylic acid groups a mixture of coupling reagent 

HBTU (300 mM, 1 mL), HOBt.H2O (300 mM, 1 mL), DIEA (600 mM, 1 mL) in 

NMP for 15 minutes and then treating the resin with this mixture for overnight 

followed by capping and washing steps as discussed earlier. Resin was also 

washed with DCM for five times. Side chain Mtt group on α-N-α-DMNPE-lys(ε-
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N-ε-Mtt)-resin was deprotected by treating about ten times with 1% TFA in DCM 

for 5-7 minutes each time monitoring the washings using UV-visible 

spectroscopy for the characteristic absorbance of Mtt groups at 453 nm. Once 

deprotected, resin was washed twice with DCM (500 µL) and five times with 

NMP (500 µL). Resin was divided into half and used for synthesizing 

photolabile-linker-intercalator with varying intercalator or length of linkers. 
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Figure 41. Total synthetic scheme of NLQ/NLE caged siRNA (top box) and 
NLHQ/NLHE caged (bottom box) using solid phase synthesis approach. 
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Synthesis of α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-NH2)-resin 

To further increase the length of the linker, α-N-α-DMNPE-lys(ε-NH2)-

resin (~50 mg) was coupled with ε-N-ε-Fmoc-ahx-OH (300 mM, 500 µL)  using a 

coupling mixture of HBTU (300 mM, 500 µL), HOBt hydrate (300 mM, 500 µL), 

DIEA (600 mM, 500 µL) in NMP for overnight. Resin was washed several times 

with NMP, capped using 10% acetic anhydride and then washed again with 

NMP by following earlier protocols. Fmoc group on the ε-amino group of ahx 

was then cleaved by washing twice with 20% piperidine in NMP (500 µL). Resin 

was further washed with NMP about five times and then reacted with 

intercalator as described below.  

Synthesis of α-N-α-DMNPE hydrazone-lys(ε-N-ε-intercalator)-amide and  

α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-N-ε-intercalator)-amide 

Previously described α-N-α-DMNPE-lys(ε-NH2)-resin (~50 mg) or α-N-α-

DMNPE-lys(ε-N-ε-ahx-ε-NH2)-resin (~50 mg) was coupled with weak and 

strong  intercalators. Half of the resin with each linker (~25 mg dry weight) was 

coupled with either 2-quinoxaline carboxylic acid (QCA, 300 mM, 200 µL) or 

ethidium benzylic acid (EBA, 300 mM, 200 µL). Carboxylic acid groups of the 

intercalators were first activated for 15 minutes using HATU (300 mM, 200 µL) 

and DIEA (600 mM, 200 µL) and then reacted with resin for overnight. HATU 

was used instead of HBTU/HOBt hydrate for this final coupling, as it is known 

to be a better coupling reagent. 
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 Once intercalator was coupled, resin was washed and capped as described 

above followed by washing five times with NMP (300 µL), DCM (300 µL). To 

characterize the coupled product on the resin, a small portion of resin (3 mg, 1.6 

µmols) was dried and cleaved by treating with 95% TFA/water for 1 h. 

Following cleavage, TFA solution was collected and evaporated under nitrogen 

gas. The product was precipitated and washed twice with cold (-20°C) diethyl 

ether (1 mL).  The product α-N-α-DMNPE ketone-lys(ε-N-ε-QCA)-amide was 

insoluble in 1:1 water:ACN (50 µL) or 1:1:1:1 water:ACN:DMSO:MeOH (50 µL) 

and was solubilized in 1:1 DMSO:ACN (50 µL) and analyzed by ESI-MS infusion.  

 

Figure 42. MS of DMNPE (ketone)-Lys-Quinoxaline, synthesized on solid phase 
and cleaved from the resin using 95% TFA. We observed [M+Na+] as the major 
peak besides [M+H+]. Some amount of unknown impurities was also observed. 

 

The major portion of the resin (30 mg, 16 µmols) was washed with 95% 

ethanol (300 µL) and used for hydrazone conversion reaction. Briefly, resin was 

suspended in 95% ethanol (1500 µL) and then treated with 100 times excess of 
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hydrazine hydrate (81.8 µL, 1.7 mmols) and 50 times excess of glacial acetic acid 

(48 µL, 840 µmols) and heated at 85°C in a capped glass vial for 4 h using a heat 

block. Sample was left in the glass vial for 2 h for cooling and then transferred 

into an eppendorf tube, washed thrice with 95% ethanol and dried in the air 

protecting from light. Finally resin was cleaved using 95% TFA/water and 

precipitated using cold ether as described earlier for characterization of α-N-α-

DMNPE ketone-lys(ε-N-ε-QCA)-amide. The cleaved α-N-α-DMNPE hydrazone-

lys(ε-N-ε-QCA)-amide product (yield ~80%) and α-N-α-DMNPE hydrazone-

lys(ε-N-ε-ahx-ε-N-ε-QCA)-amide products (yield ~70%) was obtained as a yellow 

residue. Aditionally, ethidium conjugated photolabile linkers, α-N-α-DMNPE 

hydrazone-lys(ε-N-ε-EBA)-amide and α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-

N-ε-EBA)-amide were dark pink in color. All hydrazone compounds were 

dissolved in DMSO (200 µL) and characterized by ESI-MS and LC-MS.  

LC-MS analysis for quinoxaline-based hydrazones showed two major 

peaks in the chromatogram suggesting the possibility of formation of E/Z 

(Figure 50) isomers of hydrazone. Quinoxaline-based hydrazones were more 

pure compared to ethidium-based hydrazones, since the starting material, 

ethidium benzylic acid, was not completely pure. Furthermore, shorter linkers 

were found to be more pure compared to longer linkers, certainly due to the fact 

that longer linkers involved more coupling steps. All these hydrazones were then 

oxidized to diazo in the solution phase as described later. 
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Figure 43. MS of DMNPE (hydrazone)-Lys-Quinoxaline, synthesized on solid 
phase, followed by cleavage of resin using 95% TFA. 

 

 
Figure 44. LC-MS of NLHQ. Some minor impurities of NLQ were also observed. 

 



  80 

 

Figure 45. MS analysis of α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-N-ε-QCA)-
amide showed major species to be the desired product. It contained small 
amount of impurities of photolabile linker without QCA conjugated. 

 

 

Figure 46. ESI-MS infusion of α-N-α-DMNPE hydrazone-lys(ε-N-ε-ahx-ε-N-ε-
EBA)-amide . Product is present but in minor quantities. 
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Conversion of hydrazone to diazo in solution phase 

α-N-α-DMNPE hydrazone-lys(ε-N-ε-intercalator)-amide or α-N-α-DMNPE 

hydrazone-lys(ε-N-ε-ahx-ε-N-ε-intercalator)-amide was oxidized to their 

respective diazos by using manganese oxide (MnO2). Briefly, MnO2 (~10 mg) was 

added to the various hydrazones (~30 mM-40 mM, 200 µL) in DMSO (molecular 

sieves treated) and vortexed gently for 50 minutes protecting from light. After 50 

minutes, respective hydrazones were centrifuged for about 2 minutes using 

microcentrifuge and then supernatant was filtered through a pad of Celite® 545 

supported by glass wool to remove residual MnO2, as shown in the Figure 56.  

 

Figure 47. Filtration of DMNPE based diazo using a pad of Celite® supported by 
glass wool in a glass Pasteur pipette. MnO2 gets adsorbed and retained by Celite® 
while the clear diazo flows through glass wool applying a positive pressure 
using a rubber bulb. Diazo is collected in an eppendorf tube. 

 



  82 

The pad was washed twice with anhydrous DMSO (200 µL) to recover 

maximum amount of diazo. The diazos were characterized using UV-visible 

spectroscopy by its characteristic absorbance peak at 450 nm. No further 

characterization was performed on the diazo. 

Annealing and caging of dsRNA or siRNA 

Sense and antisense strand of dsRNA and siRNA targeting GFP, 

containing terminal phosphates at 3’ and 5’ position, were annealed using tris-

acetate-EDTA buffer and then reacted with various diazo of photocleavable 

linked intercalators. Briefly, sense strand (50 µM, 50 µL) and antisense strand (50 

µM, 50 µL) were mixed with 1.25 µL of tris-acetate-EDTA 25x electrophoresis 

buffer (final concentration: 12.5 mM Tris, 12.5 mM Acetate, and 0.31 mM EDTA) 

and heated at 85°C in an eppendorf tube using a heat block to disrupt any 

secondary structure. After 15 minutes, heating was stopped and the sample was 

slowly allowed to cool down in the heat block for 2-3 h to effect annealing.  

After annealing, dsRNA (24.7 µM, 100 µL) or siRNA (24.7 µM, 100 µL) 

samples were treated with diazo of photolabile-intercalators (12.5 mM, 50 µL) 

and vortexed for 24 h using a bench shaker. Caged dsRNA and siRNA were 

precipitated by adding ammonium acetate (9 M, 75 µL), shaking it for 15 minutes 

and then adding glycogen (20 mg/mL, 2 µL), and 3 volumes of ethanol (681 µL) 

and cooling it at -80°C for overnight. Samples were centrifuged at 17400 g, 0°C 

for 35 minutes to yield the precipitate, washed couple of times with cold 75% 

ethanol. After removing the supernatant, precipitate was dried in air for 10 

minutes and then dissolved in RNase free water (100 µL). UV-visible analysis of 

caged siRNA and dsRNA was performed to check the presence of caging group 
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characterized by an additional absorbance at 345 nm besides the major 

absorbance peak at 260 nm due to nucleobases. Furthermore, ESI-MS analysis 

was performed on these samples by following the protocol mentioned below. 

 

 

Figure 48. ESI-MS of NLQ, shorter linker with quinoxaline, caged GFP targeting 
dsRNA (NLQ-GdsRNA). Di-mod species of sense and antisense strand were 
observed suggesting photocleavable linked intercalator attached at both the 
terminal phosphates of dsRNA.   

 
 

 

Figure 49. ESI-MS analysis of NLQ, shorter linker with quinoxaline, caged GFP 
targeting siRNA (NLQ-GsiRNA). Di-mod species of sense and antisense strand 
were observed along with mono-mod species suggesting photocleavable linked 
intercalator attached at one or two terminal phosphates of siRNA.   
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Figure 50. ESI-MS analysis of NLHQ, longer linker with quinoxaline, caged GFP 
targeting dsRNA (NLHQ-GdsRNA). Di-mod species of sense and antisense 
strand were observed along with mono-mod species suggesting photocleavable 
linked intercalator attached at one or two terminal phosphates of dsRNA.   

 
 

+  

Figure 51. ESI-MS analysis of NLHQ, longer linker with quinoxaline, caged GFP 
targeting siRNA (NLHQ-GsiRNA). Di-mod species of sense and antisense strand 
were observed along with mono-mod species and some unmod species 
suggesting photocleavable linked intercalator attached at one or two terminal 
phosphates of dsRNA.  Some amount of unmodified sense strand of GsiRNA 
suggested a requirement to improve the reaction conditions. 
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Figure 52. ESI-MS analysis of NLHE, longer linker with ethidium, caged GFP 
targeting siRNA (NLHE-GsiRNA). Di-mod species of sense and antisense strand 
were observed in minor quantities along with mono-mod species suggesting 
photocleavable linked intercalator attached at one or two terminal phosphates of 
dsRNA.  Furthermore, trimod antisense species indicated reaction may be 
occurring at nucleobase too. 

 

 

Figure 53. ESI-MS analysis of NLHE, longer linker with ethidium, caged GFP 
targeting dsRNA (NLHE-GdsRNA). Di-mod and mono-mod species of sense and 
antisense strand were observed in minor quantities with high signal to noise 
ratio, suggesting either sample was very dilute or difficult to fly in the MS. 
Furthermore, increasing the concentration did not improve the MS analysis. 
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ESI-MS infusion analysis of caged oligos 

Briefly, caged dsRNA or siRNA solution stock (10 µL, ~20 µM) was 

diluted by addition of RNase free water (39.5 µL) and then triethylamine (TEA, 1 

µL) and acetonitrile (ACN, 49.5 µL) were added to the solution to achieve a final 

concentration of 2 µM in a mixture of 49.5:49.5:1 (H2O:ACN:TEA). Samples were 

analyzed by mass spec (2000 QTrap, Applied Biosciences) by infusing (10-20 

µL/min) in a negative ion mode with enhanced multiple charge (EMC) scan 

type. Finally, EMC spectra were deconvoluted using Bayesian protein 

reconstruct tool in the Bioanalyst software (AB Sciex). Detailed parameters are 

mentioned in the table below.  

Cell culture based biological studies 

We performed cell culture studies as previously described with the 

following modifications [70]. HeLa cells were plated in a 96 well format, at 70% 

confluency, and allowed to culture for 18−20 h. Cells were then co-transfected 

with pEGFP-C1 (0.099 µg/well), pDsRed2-N1 (0.132 µg/well) plasmids, uncaged 

or caged dsRNA (0.20 pmols, 1.56 nM for 1× concentration and 0.98 pmols), and 

lipofectamine (1.13 µL/well) in Opti-MEM (120 µL/well) for 6 h. Cells were 

washed with Opti-MEM (150 µL) and irradiated for 10 min in Opti-MEM (100 

µL) using a Blak-Ray lamp (Model XX-15 L, 30 W) placing the lamp 10 cm above 

the 96-well plate. One half of the plate-lid was protected from light using 

aluminum foil and the other half was exposed to UV light filtered through a WG-

320 long pass filter (Edmund Optics). Cells were then cultured in antibiotic free 

Dulbecco’s Modified Eagle Medium (DMEM, 200 µL) containing fetal bovine 
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serum (FBS, 10%) for 42 h and washed with phosphate buffered saline (PBS, 200 

µL). After adding fresh PBS (100 µL), the fluorescence intensity of both GFP and 

RFP were determined using a fluorescent microplate detector (Beckman Coulter). 

Each point was corrected for mock (cells treated with lipofectamine in Opti-

MEM) and then each GFP/RFP ratio was normalized to the GFP/RFP ratio of the 

control (plasmids and lipofectamine in Opti-MEM, unirradiated). 

 

Figure 54. Biological studies of NLQ and NLHQ caged GsiRNA. Compared with 
DMNPE-GsiRNA and NKDC-GsiRNA. NKDC-GsiRNA will be explained in the 
next approach. 
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Figure 55. Biological studies of NLQ and NLHQ caged GdsRNA. Compared with 
DMNPE-GsiRNA and NKDC-GsiRNA. 
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Figure 56. Alternative new route for attachment of intercalator on α-amino group 
instead of ε-amino group of lysine. 
 

 

Figure 57. Conversion of NLQ ketone to hydrazone in solution phase. 
 



  90 

 

Figure 58. HPLC analysis of NLεQ ketone and NLεE ketone 
 

 

Figure 59. Synthetic issues with attaching intercalator on the linker at different 
amino groups. 
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Figure 60. HPLC analysis of NLQ ketone and hydrazone 
 

 

Figure 61. Caging of dsRNA using new synthetic approach. 
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Figure 62. HPLC purification NLQ-GdsRNA and NLQ-sGdsRNA 
 

 

Figure 63. Analytical run of NLQ-GdsRNA and NLQ-sGdsRNA 
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Figure 64. MS of purified NLQ-GdsRNA showing tetramod GdsRNA (dimod per 
strand) as the major species. 

 

 

Figure 65. MS of purified NLQ-sGdsRNA showing tetramod sGdsRNA (dimod 
per strand) as the major species. 
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Figure 66. Biological studies of NLQ-GdsRNA and DMNPE-GdsRNA compared 
with their caged respective sGdsRNA. 

 

Summary 

To achieve an ideal on/off switch using light activated RNA interference 

we synthesized new photolabile groups containing a strong or a weak 

intercalator connected via linkers of different length. As a weak intercalator, we 

utilized a commercially available reagent 2-quinoxaline carboxylic acid. 

Furthermore, for strong intercalator we synthesized a derivative of ethidium 

benzylic acid by following synthetic scheme developed earlier in our lab 

(Rangarajan et. al). For the purpose of crosslinking DMNPE-acid with an 
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intercalator we designed and synthesized two different linkers based on lysine 

and ε-amino hexanoic acid. We first attached orthogonally protected α-Fmoc-

lys(ε-Mtt)-OH onto a Rink amide resin followed by deprotection of α-Fmoc 

group and then coupled DMNPE of synthesized these molecules mainly on the 

solid phase including the hydrazone conversion step. After the synthesis and 

characterization of hydrazone we cleaved the molecules and then converted into 

diazo in solution. 

Increasing the size of photolabile groups 

In the past years from our lab, siRNA and dsRNA were caged randomly 

or in site-specific manner with photo labile DMNPE (1-(4,5-dimethoxy-2-

nitrophenyl) ethane) groups, which was able to provide an off/on switch to 

RNAi. However, it was unable to completely block RNAi prior to irradiation. 

One possibility might be that the RNAi machinery could recognize the DMNPE 

caged siRNA/ dsRNA and therefore could process RNAi even in the absence of 

light. Based on this hypothesis, we tried to incorporate various modifications via 

photo-cleavable linkage. These modified-DMNPE groups are of varying size, 

polarity, charge and functionality.  
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Figure 67. Graphical representation of rationale of incorporating bulky groups. 
Bulky caging groups may hinder RNAi machinery, dicer/RISC, or better. 

 

Since cyclization and intercalator derivatization approaches could not 

achieve the ideal LARI off/on switch, we hypothesized a new approach of 

attaching bulkier photolabile groups towards the final objective, as shown in the 

Figure 76. Furthermore, we hypothesized that we will require better synthetic, 

purification and characterization steps. 

Rationale 

Our rationale behind attachment of bulkier photolabile groups lies in the 

mechanism of RNAi. Since earlier photolabile groups, conjugated to siRNA, 

resulted into leakage of RNAi activity even in the absence of light. One possible 

explanation could be that these photolabile groups are smaller in size and hence 

can only partially block the interaction of RNA with RNAi machinery (dicer 

and/or RISC) in the cells. Another explanation could be that that dicer or RISC 

tolerates the properties of these photolabile groups.  
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Another common problem observed in was that upon irradiation with the 

light, these photolabile groups could not be photocleaved to generating native 

siRNA or dsRNA and thus RNAi pathway could not be regained to the desired 

level. To address this concern, we proposed to purify the siRNA once modified 

with these new caging groups and characterize the number of caging groups 

properly. Furthermore, using siRNA or dsRNA containing four terminal 

phosphates, we can generate tetramodified siRNA or dsRNA, which could be a 

single species rather than a mixture of different levels of modifications. This 

could be achieved based on the higher reactivity of diazo towards terminal 

phosphates than nucleobases or internal phosphates. 

These bulkier photolabile groups must remain attached to siRNA or 

dsRNA and completely block the activity of dicer/RISC. In addition, they must 

be photolyzed completely and must regain back the RNAi activity to the desired 

normal level. 

Background 

Earlier studies performed by Shah and coworkers in our lab further 

supports our rationale behind this approach.  
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Figure 68. Light activated RNA interference using GFP targeting dsRNA 
containing four terminal phosphates modified by DMNPE caging group. Figure 
obtained from the dissertation of Shah and coworkers. 

 

When dsRNA containing four terminal phosphates was modified with 

DMNPE, it demonstrated better RNAi switch compared to when caging was 

random or at fewer terminal phosphates. 
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Figure 69. Light activated RNA interference using adamantane-methyl-DMNPE 
(Figure A) and methoxy-phenyl-DMNPE caging groups (Figure B) attached on 
terminal phosphates of dsRNA targeting GFP. Figure obtained from the 
dissertation of Shah and coworkers. 
 

Moreover, Shah and coworkers incorporated methoxyphenylethyl and 

adamantane-methyl groups to increase the size of DMNPE group. For this 

purpose, 4- methoxyphenylethyl-DMNPE diazo and adamantane-methyl-

DMNPE diazo were synthesized and introduced onto dsRNA containing all four 

terminal phosphates.  

Both these new caging groups were able to block RNAi in the absence of 

light to a better extent than DMNPE groups. However, both these groups were 

worse than DMNPE in restoring RNAi activity in the presence of light. 

Furthermore, adamantane-methyl based caging group was better than 

methoxyphenylethyl in regaining back the RNAi activity in the presence of light.  

Although Shah and coworkers could not achieve the ideal LARI switch 

using this strategy, it holds a big promise in terms of applying the chemistry to 



  100 

synthesize and screen multiple molecules containing amine groups to attach on 

to DMNPE and change various chemical properties of this photolabile group. 

These preliminary results suggest that bulkier groups can improve the problem 

of leakage of RNAi activity in the absence of light. However, to solve the 

problem of incomplete regain of RNAi activity in the presence of light, we 

should examine closely the purity and stability of modified siRNA or dsRNA 

species. It is possible that, modifications on the nucleobases are difficult to 

photolyze and hence should be eliminate by optimizing the reaction conditions 

or by purification. 

Therefore, we tried to incorporate bulkier photolabile groups with 

different properties using DMNPE-acid as the key central photolabile molecule. 

For this purpose, we selected few amino containing molecules and coupled with 

DMNPE-acid. Since hydrophobic adamantane-methyl-DMNPE showed better 

results, we selected another hydrophobic cyclic molecule cyclododecylamine. We 

also selected a planar fluorescent molecule Dansylcadaverine containing two 

rings that might act as a weak intercalator. It may fold back and insert itself into 

the base pairs of siRNA or dsRNA, as discussed earlier in the intercalator 

approach. This might further stabilize the complex and interfere with the RNAi 

machinery. Furthermore, we can also track the caged siRNA before irradiation 

inside the cells using fluorescence or confocal microscope. Since it would be 

photolyzed, the released fluorophore can further be studied. 
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Figure 70. Various groups that can be attached to the central DMNPE-acid 
molecule towards optimization of LARI. There are endless possibilities of 
different amino containing groups and we selected cyclododecylamine and 
dansylcadaverine (both highlighted in the rounded box) to conjugate onto 
DMNPE-acid due to their distinct properties.  
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Synthetic approach 

Approach 1: Synthesis on solid phase using 2-chlorotrityl-hydrazine resin 

Our first approach (approach 1) involved the use of 2-chlorotrityl 

hydrazine resin bound to first synthesize DMNPE-acid hydrazone on resin and 

then couple the selected amines on the solid phase.  

 

Figure 71. Synthesis of bulky-DMNPE hydrazone on the resin using 2-chloro 
trityl resin (approach 1). For bulky amines, we planned to use cyclododecyl 
amine and dansylcadaverine (box). First step of synthesis could not yield the 
product. 
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For this purpose, we first tested the attachment of DMNPE-acid on the 

resin using three different solvents, NMP, DMF and DMSO, in the presence of 

glacial acetic acid. We determined the loss of DMNPE-acid by measuring the 

UV-visible absorbance of the supernatant. We found that DMNPE-acid reaction 

was quantitative in DMF and DMSO but almost quantitative for NMP. We then 

cleaved the resin using three different conditions, 5% TFA/DCM, 5% TFA/5% 

TIS (triisopropylsilane)/DCM and 90% TFA/DCM. However, none of the 

conditions showed the desired DMNPE acid hydrazone product in the LC-MS or 

ESI-MS (expected mass of DMNPE acid hydrazone 283.2 amu, observed mass 

293.0 and 309.1).  

Therefore, we faced challenges during the first step of synthesis, which 

was the attachment of DMNPE-acid on the hydrazino group via hydrazone 

linkage.   

 

Figure 72. Desired hydrazone product 2-chlorotrityl DMNPE-acid hydrazone 
resin (left box) was not properly synthesized, possibly due to synthesis of 
hydrazide side products (right box). 

 

We realized later that due to the presence of carboxylic acid group on the 

DMNPE-acid, it could form hydrazide. Furthermore, glacial acetic acid used in 

the reaction could potentially cap a portion of resin via formation of aceto-
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hydrazide. However, we could not confirm any of these structures by MS 

analysis.  

 Solid phase synthesis was selected since it possesses distinct advantages 

over solution phase chemistry. For example, in solid phase, excess of reagents 

can be used to push the reaction forward and hence increased yield and purity. 

Furthermore, purification is not a concern since reagents can be easily washed 

away. However, it holds challenges in the development or application of a new 

type of chemistry if not well established, for example, hydrazone synthesis on 

the 2-chlorotritylhydrazine resins. Since it presented us with multiple issues, we 

changed our solid phase strategy to solution phase chemistry. A new synthetic 

route, approach 2, was followed to achieve similar reactions keeping in mind 

about the requirement of purification of reagents at each step. 

Approach 2: Synthesis in solution phase 

Synthesis of DMNPE-acid was performed as described earlier by Holmes 

[116]. Briefly, acetovanillone was first alkylated with t-butyl bromoacetate to 

yield keto-ester, followed by hydrolysis of ester and nitration in a single step to 

afford DMNPE-acid. 

Solution phase coupling of both cyclododecylamine and dansylcadaverine 

with DMNPE-acid was performed using EDC.HCl/HOBt.H2O in DMF as 

coupling reagents for 16 h. The products were then purified using acid/base 

extraction. We achieved very good yield and purity for these amides (can also be 

represented as ketones). 
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Figure 73. Synthesis of bulky group containing photolabile siRNA/dsRNA 
following approach 2, total synthesis in solution phase. Purification step of 
hydrazone (grey) may require further optimization. 
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Figure 74. Purification steps involved in the synthesis of bulky DMNPE amide. 
CD-DMNPE amide (or CD-DMNPE ketone) is shown here as an example. 
 

 
 

Figure 75. TLC of purified CD-DMNPE amide (or ketone) product. HOBt, EDC, 
acid/base purified CD-DMNPE product, unpurified crude CD-DMNPE product, 
CD-amine, DMNPE-acid 
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Figure 76. HPLC analysis of the product CD-DMNPE ketone (top), ESI-MS 
(positive ion mode) of the fraction collected from HPLC. 

 

In the next step we performed conversion of ketone to hydrazone using 

conditions mentioned by Trentham and coworkers [117]. However, we observed 

signs of azine formation as major peak in ESI-MS and LC-MS suggesting 

requirement of optimization in the reaction condition. 
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Figure 77. Possible byproduct azine during ketone to hydrazone conversion. 
 

Therefore we modified these conditions by increasing the equivalents of 

hydrazine hydrate to 20x, keeping acetic acid constant to 1x and using 

acetonitrile instead of NMP, but due to solubility issues, we also increased the 

volume of reaction by three times. After reaction product was purified by 

chloroform/water extraction. These conditions improved the reaction and 

showed CD-DMNPE hydrazone as the major species in LC-MS and NMR. 

However, extraction of the bulky DMNPE hydrazone using chloroform/water 

was not enough to yield the very pure product. 
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Figure 78. Reaction of 5’ UMP with CD-DMNPE diazo. Briefly, UMP (1 mM, 50 
nmol) was reacted with CD-DMNPE diazo (5 mM, 250 nmol) for 24 h in 1:2 
DMSO:water. In another reaction setup higher DMSO:water was also used to 
improve solubility of the CD-DMNPE diazo with UMP (2 mM). Possible 
daughter ion species (box) formed due to different site of reaction. 

 

We also tested the quality of CD-DMNPE hydrazone by converting into 

CD-DMNPE diazo using manganese dioxide (MnO2) and reacting with model 

nucleotide system. We characterized the product by LC-MS and LC-MS/MS 

found that reaction preferentially takes place terminal phosphate instead of 

nucleobase.  
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Figure 79. LC-MS/MS analysis of the reaction of CD-DMNPE diazo (4.3 mM, 215 
nmol) with 5’ UMP (2 mM, 50 nmol) with 3:1 DMSO:water. Top pane represents 
EMS of the product (negative ion mode). Middle pane represents EPI of mass 
741.3, which gave us peak at 515.2 amu, suggesting the reaction adduct attached 
at the phosphate (right). Bottom pane represents TWC of the chromatogram. 

 

We finally used this CD-DMNPE diazo to react with siRNA. We noticed 

poor signs of reaction with siRNA at 33% DMSO yielding mostly unmod species 

too with very small amount of tetramodified species indicating problem with the 

diazo conversion step or due to precipitation during siRNA reaction.  

 

Figure 80. ESI-MS (negative ion mode) infusion analysis of siRNA (50 µM) caged 
with CD-DMNPE diazo (250 eq.) in 1:3 DMSO:water (75% DMSO). Circled 
masses include sense (red, Sp0, Sp1, Sp2) and antisense strands (cyan, ASp0, ASp1, 
ASp2) with observed number of CD-DMNPE modifications are labeled. Δ 
represents difference in mass observed from the expected values. 
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We increased the DMSO concentration to 75% to improve dissolution of 

diazo. However, it did not improve the reaction conditions.  

These results suggested us to purify the CD-DMNPE hydrazone further. 

After several iterations of extraction purification, we tried HPLC purification of 

these products. However, due to limited yield of the pure product using semi-

prep (Luna, 5 µm, C18, 10 x 250 mm) column, we switched to flash column 

chromatography. Column chromatography resulted into pure products for both 

the bulky groups and yield by following purification using 5% methanol in DCM 

and ramping up the methanol concentration towards the end of purification to 

30% methanol in DCM. Both the hydrazones were hydrophobic in nature and 

eluted as two yellow bands in the column in the beginning of the purification 

step. We characterized these bands using HPLC, NMR, LC-MS and ESI-MS. 

 

 

Figure 81. ESI-MS of product CD-DMNPE hydrazone. 
 



  112 

 

Figure 82. H1-NMR of product CD-DMNPE hydrazone. 
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Figure 83. HPLC analysis of the product CD-DMNPE hydrazone (top), ESI-MS 
(positive ion mode) of the fractions collected from HPLC (bottom). Two peaks 
correspond to E/Z isomers of CD-DMNPE hydrazone. 
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Figure 84. ESI-MS analysis (negative mode) of CD-DMNPE-siRNA caged using 
500 eq. of CD-DMNPE diazo by multiple addition method described in the text. 

 

 

Figure 85. ESI-MS analysis (negative mode) of CD-DMNPE-dsRNA caged using 
500 eq. of CD-DMNPE diazo by multiple addition method described in the text. 
 

 We performed biological studies using CD-DMNPE caged siRNA and 

dsRNA targeting GFP. Although our results were better than DMNPE group, we 
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could not get perfect off/on switch. We performed similar experiments with DC-

DMNPE caged siRNA and dsRNA. We observed best results with DC-DMNPE 

dsRNA with almost close to ideal off/on switch however, caged siRNA was 

better than DMNPE but not close a ideal switch. 

 We performed caging experiment with column-purified CD-DMNPE 

hydrazone and the reaction was much better. We obtained even better results 

with the CD-DMNPE dsRNA and siRNA. Finally these results indicated that 

purification of CD-hydrazone  or DC-hydrazone was a key step in the process. 

Finally we purified the caged oligos using HPLC purification. Furthermore we 

degined and included scrambled sequence of the GFP-targeting sequence as a 

control. We caged these scrambled oligos in the similar fashion in order to obtain 

a better control. We performed all our biological experiments by including this 

scrambled oligo. 
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Figure 86. Biological experimental results of toggling RNAi in HeLa cells using 
LARI. Results were obtained for tetramodified CD-DMNPE-siRNA (left) and 
tetramodified CD-DMNPE-dsRNA (right), after optimizing the reaction 
conditions using multiple addition method. However, no further purification of 
oligo samples was performed on these samples. 
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Figure 87. ESI-MS analysis of DC-DMNPE hydrazone. 
 

 

Figure 88. H1-NMR of DC-DMNPE hydrazone 
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Figure 89. ESI-MS (negative mode) of DC-DMNPE siRNA. 
 

 

Figure 90. ESI-MS (negative mode) of DC-DMNPE dsRNA. 
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Figure 91. Biological experiment results in HeLa cells for DC-DMNPE caged 
siRNA (left) and dsRNA (right). For DC-DMNPE caged-dsRNA the best LARI 
switch achieved so far. 

 

 
 
Figure 92. Hypothesis of folding back and intercalation of DC-DMNPE groups in 
dsRNA. Folding might block dicer or RISC better. 
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Figure 93. Column purification of bulky DMNPE hydrazone resolved the issue of 
impure diazo and further improved the reaction with siRNA/dsRNA containing 
four terminal phosphates. 

 

Finally we checked the purity of our caged oligos using gel 

electrophoresis and confirmed their identity using ESI-MS and reinjecting into 

HPLC. After using HPLC purified oligos we obtained even better results with 

both DC-DMNPE caged and CD-DMNPE caged dsRNA/siRNA.  

We had used 1.56 nM of CD-DMNPE dsRNA and 15.6 nM for CD-

DMNPE dsRNA. Using 1.56 nM of dsRNA results were great without light, but 

we could regain back to the native RNAi level after exposure of light. To 
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improve the switch we hypothesized and performed the same experiment at 

higher (5x) concentration (7.8 nM) of caged or uncaged oligos.  

We observed very interesting results. CD-DMNPE caged dsRNA 

remained at the caged in the blocked the RNAi completely and when irradiated 

with light almost 90% of RNAi could be reagined back. However, in case of 

HPLC purified DMNPE-caged dsRNA, in the absence of light their was residual 

RNAi (~25%) at 1.56 nM and the it further increased when higher concentration 

of caged dsRNA was used leading to a poorer switch. Even DC-DMNPE was not 

as good as CD-DMNPE in terms of LARI switch at higher concentrations. We 

also tested the LARI switch in PC-12 cells using DC-DMNPE caged dsRNA and 

siRNA. We found similar results with PC-12 cells as with HeLa cells. 

 These results suggest that properties of CD-DMNPE somehow blocked 

RNAi better in the absence of light even at higher concentration which a normal 

caging group like DMNPE could not. To delineate the mechanism we perfomed 

recomibnant dicer based analysis. However we faced several challenges in 

visualing the caged CD-DMNPE-dsRNA with dicer, suggesting some interations 

were preventing the oligo to stain. We also checked the cell viability at higher 

concentration (7.8 nM) of CD-DMNPE caged dsRNA and cells were found close 

to 100% viable. 
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Figure 94. Deconvoluted ESI-MS of tetra-CD-DMNPE modified dsRNA. Each 
modified strand is visible, and the expected (parenthesis) and actual masses 
indicated. The asterisk (*) indicates a depurinated specie [67]. 

 

A) B) 

  

Figure 95. Non-denaturing PAGE gel of DMNPE modified dsRNA (lane 1) CD-
DMNPE modified dsRNA (lane 2), unmodified dsRNA (lane 3) and all three 
dsRNA co-loaded (lane 4). Used GFP targeting sequence (A) and scrambled 
sequence (B). Loaded 4.5 pmols of each dsRNA and gel was visualized by 
ethidium bromide staining [67]. 
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Figure 96.Light activated RNA interference comparing CD-DMNPE with 
DMNPE modified dsRNA at 1.56 nM (top) or 7.8 nM (bottom). All samples were 
transfected with GFP and RFP expressing plasmids. “Target dsRNA” refers to a 
GFP targeting dsRNA, whereas “Scrambled dsRNA” is this sequence 
randomized. “+ DMNPE” or “+ CD-DMNPE” refers to these duplexes tetra-
modified with the indicated photolabile group. All results are the average of 5 
different determinations [67].  
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Figure 97. Results of cell viability assay performed by using CellTiter 96® 
AQueous Non-Radioactive Cell Proliferation Assay (Promega) as described in 
the experimental section. All experimental points including mock contain 
lipofectamine. Average and its standard error are represented in the graph [67]. 

 

These purified cyclododecyl-DMNPE hydrazone (CD-DMNPE 

hydrazone) and dansylcadaverine-DMNPE hydrazone (DC-DMNPE hydrazone) 

were oxidized into their respective diazos (CD-DMNPE diazo and DC-DMNPE 

diazo) by treating with MnO2, followed by filtration of MnO2 using Celite® pad in 

a glass Pasteur pipette supported by glass wool.  Both diazo products produced 

bright red color with an absorbance peak at 450 nm as characterized by UV-

visible spectroscopy. 

 Annealed siRNA and dsRNA (50 µM), both containing four terminal 

phosphates, targeting GFP or RFP, were caged using CD-DMNPE diazo and DC-

DMNPE diazo (250 equivalents). However, reaction was insufficient to cage 

siRNA or dsRNA at all four terminal phosphates due to poor solubility of these 

diazos in DMSO:water (1:3). Therefore we modified the caging reaction of these 
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species by following multiple additions of lower equivalents of CD-DMNPE 

diazo. For example, at first 100 equivalents of CD-DMNPE-diazo in DMSO 

added to GFP targeting dsRNA to achieve ratio of DMSO:water nearly 1:5 and 

allowed to react for 12 h. Then another addition of 100 equivalents diazo was 

added changing the ratio of DMSO:water to 2:5 and allowing the reaction for 12 

h. Similarly, total five additions were made to achieve 1:1 DMSO:water and 500 

equivalents of diazo. Using these optimized conditions we were able to achieve 

tetramodified CD-DMNE-dsRNA. However, the caged dsRNA obtained was not 

pure and required further purification by HPLC. We optimized the HPLC 

purification method for each DC-DMNPE-dsRNA and CD-DMNPE-dsRNA and 

collected multiple fractions, dried in Speed-Vac, reconstituted in RNase free 

water and characterized by MS using ratio of H2O:ACN:TEA (99:99:2) and 

concentration ranging from 1-10 µM. Before performing biological studies, we 

precipitated the caged dsRNA/siRNA again using ammonium acetate, glycogen 

and ethanol as described later. 

 To optimize and test the final tetramodified dsRNA/siRNA, biological 

studies were performed multiple times. The caged GFP targeting dsRNA were 

tested in two different cell lines, HeLa (ATCC) and PC-12 (ATCC). HeLa cells are 

human cervical cancer cell line, and PC-12 cells are derived from a transplantable 

pheochromocytoma of rat adrenal medulla. PC-12 cells can form neurites like 

structures when treated with nerve growth factor (NGF) and thus commonly 

used as a model cell line for neuronal plasticity. We observed complete blockage 

of RNA interference pathway in the absence of light using these groups. 

However, we could not regain back the RNAi activity to the desired native level. 
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Furthermore, we repeated biological experiment again several times and 

included scrambled dsRNA and caged scrambled dsRNA as stringent controls. 

Although, we observed the best results using this approach, we could not 

achieve the ideal off/on switch. We hypothesized that if we increased the 

concentration of dsRNA, we could regain back to the native RNAi, keeping in 

mind that increased concentration of caged dsRNA can result into leakage of 

RNAi activity due to increase in the concentration of caged dsRNA available for 

nuclease degradation as earlier observed for DMNPE-dsRNA. 

 

 

Figure 98. Molecular modeling structures of tetramodified CD-DMNPE-dsRNA 
(top) and DC-DMNPE-dsRNA (bottom) 
 

Finally we used these caged CD-DMNPE dsRNA for performing 

patterning studies. Initially used lamps for patterning experiment by keeping the 

lamp upside down we were able to illuminated the cells from the bottoms. We 

prepared masks on transparency by glueing metallic  brass strips. However we 

could get sharp patterns using this approach. 
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We faced challenges of shadowing effect where light could illuminate near 

the edges of the mask, providing poor resolution, 

 

 Therefore to solve this problem, we switched from a diffused light source 

from UV-lamp to  a 1 mm2 LED (200 mW, Nichia) which can act as a point 

source. We were able to avoid the problem of shadowing effect and thus sharper 

half-well irradaition resulted into sharper images. 

 To get more complex patterns, for example letters A to Z, we printed mask 

with high toner laserjet printer, however we could not get clear images due to 

misperfections in the mask as observed under the microscope. These 

misperfections were dotted edge and blank spots like multple light holes in the 

dark ink. To avoid these problems we tried different laserjet printers, however it 

could not solve our issue. Finally, we delved into creating commercial masks and 

found a product called as Magic dark. By applying this product after the image 

was printed on the transparency, we could fill all the imperfections and finally 

could get sharper images. 

 For creating masks with gradients we used high resolution laser ject 

printer and it worked best. Magic dark in not compatibile with colored printers 

and it only works with mono-chrmomatic printers. However gradient masks 

were easier to obtain. 
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Figure 99. Patterning of gene expression using light activated RNA interference. 
Black painted metallic strip mask (left) was used for this purpose. GFP and RFP 
channels for each condition are indicated (right). Within each channel, exposure 
times are identical, and except for pseudocoloring to the appropriate color, no 
processing was done on the acquired images. A 1 mm scale bar is indicated. 
Quantitation of GFP and RFP was performed using fluorescence multimode 
detector and raw values of each well are plotted (bottom left) [67].  
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Figure 100. In house designed point source using 200 mW LED (Nichia) by Dr. 
Simon H. Friedman. Point source can provide sharper patterning images than 
diffused UV lamp light source used earlier. 

 

 

Figure 101. Letter masks printed on Highland 903 transparency using a 
monochrome LaserJet printer and then treated with magic dark solution. 
Gradients do not work with magic dark and require high-resolution printing 
using a colored laser printer. 
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Figure 102. Mask (“L”) printed on Highland 903 transparency and treated with 
magic dark (top). Letter patterning of gene expression using light activated RNA 
interference using that mask (bottom). GFP signal (target) and RFP signal 
(control) indicated. Within each channel, exposure times are identical, and except 
for pseudocoloring to the appropriate color, no processing was done on the 
acquired images. A 1 mm scale bar is indicated [67]. 

 

 

GFP 

RFP 
 
 
GFP 
 
RFP 

 

 

Figure 103. Letter patterning of gene expression using light activated RNA 
interference mask. GFP signal (target) and RFP signal (control) indicated. Within 
each channel, exposure times are identical, and except for pseudocoloring to the 
appropriate color, no processing was done on the acquired images. A 1 mm scale 
bar is indicated. 
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Figure 104. Using LARI we were able to generate complex patterning using 
gradient mask (left). GFP (top right), RFP (middle right) were visualized under 
the microscope (Nikon 2000) and are pseudocolored. We measured the 
intensities of each well divided into multiple sections. The intensity from each 
section was measured using Photoshop (Adobe) software and ratio of intensities 
is plotted here [67]. 

Materials and methods 

Synthesis 

Tert-butyl 2-(4-acetyl-2-methoxyphenoxy)acetate (keto-ester) 

As described earlier by following the literature [116]. 
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2-(4-Acetyl-2-methoxy-5-nitrophenoxy)acetic acid (DMNPE-acid) 

As described earlier by following literature [116]. 

2-(4-Acetyl-2-methoxy-5-nitrophenoxy)-N-cyclododecylacetamide (CD-DMNPE 

amide)  

DMNPE-acid (50.0 mg, 186 µmols), cyclododecylamine (68.1 mg, 372 

µmols) and 1-hydroxybenzotrizole hydrate (56.9 mg, 372 µmols) were dissolved 

in 900 µL of DMF. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (59.6 mg, 311 µmols) was added to the resulting solution and 

allowed to shake for 15 hours. The product was purified by partitioning the 

reaction mixture between ethyl acetate (10 mL) and saturated sodium chloride 

(10 mL). The ethyl acetate layer was washed twice with saturated sodium 

chloride solution and the combined aqueous layers were washed once with ethyl 

acetate. The combined organic layers were washed with saturated sodium 

bicarbonate solution, 1N HCl and again with saturated sodium bicarbonate 

solution. The organic layer was then dried with magnesium sulfate and 

evaporated to give an off-white solid. Yield 63.3 mg (78.4%), TLC (EtOAc:MeOH, 

75:25 v/v): RF = 0.60; 1H-NMR (400 MHz, DMSO-d6): δ 7.95 p.p.m. (d, J= 8.4 Hz, 

1H), 7.54 (s, 1H), 7.26 (s, 1H), 4.67 (s, 2H), 3.95 (s, 3H), 3.88-3.95 (m, 1H), 2.52 (s, 

3H), 1.50-1.64 (m, 4H), 1.15-1.41 (m, 18H); 13C-NMR (100 MHz, DMSO-d6): δ 

199.3, 165.8, 153.5, 147.8, 137.6, 132.1, 109.9, 108.7, 67.7, 56.6, 44.1, 30.0, 29.8, 23.3, 

23.1, 22.8, 21.3;  UV/vis (DMSO): λmax (ελ): 262 nm (8037 M-1cm-1), 343 nm (4500 M-

1cm-1); MS (m/z): [M]+ calcd for C23H34N2O6, 435.2; found, 435.5; Reversed phase 

HPLC-MS (flow rate 0.4 mL/min, runtime 30 min, injection volume 25 µL) 
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solvent A (0.1% formic acid in H2O), solvent B (0.1% formic acid in ACN), 

gradient 50% B to 100% B over 10 min, Isocratic 100% B for 17 min, 100% B to 0% 

B over 3 min, C8 Hypersil column (5µm, 100 x 4.6 mm, Varian): Retention time 

(min) 12.37; ESI-MS (m/z): [M]+ calcd for C23H34N2O6, 435.2; found, 435.2; 

 

(E/Z)-N-cyclododecyl-2-(4-(1-hydrazonoethyl)-2-methoxy-5-

nitrophenoxy)acetamide (CD-DMNPE hydrazone) 

CD-DMNPE ketone (32 mg, 73.6 µmols) was dissolved in 2 mL of a 1:1 

mixture of acetonitrile and 95% ethanol. Hydrazine monohydrate (71.2 µL, 1.47 

mmols) and glacial acetic acid (6.6 µL, 110.4 µmols) were added to the solution 

and the mixture was refluxed for 4 hours at 90 °C. The resulting yellow oily 

solution was evaporated to dryness using rotovap, partitioned between 

chloroform and water (2 mL each). The organic layer was washed twice with 

water and the combined aqueous layers were washed once with chloroform. The 

combined chloroform layers were evaporated to dryness yielding a yellow solid. 

The resulting solid was dissolved in DCM (2 mL) and then purified by silica gel 

flash column chromatography with 5% methanol in DCM. Fractions were 

collected, dried and analyzed by LC-MS and appropriate fractions were 

combined and used for the next reaction.  It contained a mixture of 2 isomers, E 

and Z.  Yield grams 32.4 mg (98.2% yield). TLC (EtOAc:MeOH, 75:25 v/v): RF= 

0.64; 1H-NMR (400 MHz, DMSO-d6, E or Z isomers, Ratio of isomer 1: isomer 2= 

1:3): Isomer 1 [δ 7.93 (d, J= 8.8 Hz, 1H), 7.66 (s, 1H), 6.89 (s, 1H), 5.43 (s, 2H), 4.63 

(s, 2H), 3.92 (m, 4H), 2.06 (s, 3H), 1.46-1.58 (m, 4H), 1.15-1.46 (m, 16H), 0.91-0.96 

(m, 2H)]; Isomer 2 [7.88 (d, J= 8.8 Hz, 1H), 7.39 (s, 1H), 6.99 (s, 1H), 6.41 (s, 2H), 
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4.59 (s, 2H), 3.90 (m, 4H), 2.55 (s, 3H), 1.46-1.58 (m, 4H), 1.15-1.46 (m, 16H), 0.91-

0.96 (m, 2H)]; 13C-NMR (100 MHz, DMSO-d6): Only isomer 2 peaks visible δ 

197.5, 166.1, 151.5, 145.3, 127.1, 115.4, 111.0, 99.2, 66.9, 43.8, 29.8, 27.6, 23.4, 23.2, 

22.7, 22.4, 21.5; UV/vis (DMSO): λmax (ελ): 263 nm (7323 M-1cm-1), 346 nm (4470 M-

1cm-1); Reversed phase HPLC-MS (Exact conditions as used for compound 3): 

Retention time (min) 13.32, 13.90; ESI-MS (m/z): [M]+ calcd for C23H36N4O5, 449.3; 

found, 449.3; 

 

N-cyclododecyl-2-(4-(1-diazoethyl)-2-methoxy-5-nitrophenoxy)acetamide (CD-

DMNPE diazo).  

CD-DMNPE hydrazone (10 mg, 22.3 µmols) was dissolved in 500 µL of 

dry dimethyl sulfoxide and protected from light. Manganese(IV) oxide (10 mg, 

115 µmols) was added to 75 µL of this solution and shaken gently for 45 minutes 

protected from light. The characteristically red-orange mixture was centrifuged 

using a micro centrifuge and the supernatant was filtered through Celite® 545 

supported by glass wool in a glass pipette. This pad was washed with 58.8 µL of 

dimethyl sulfoxide to give a final diazo concentration of 25mM. Compound 5 

was freshly prepared each time to cage UMP and dsRNA. As per the use of 

diazo-DMNPE, compound 5 was not isolated or further characterized, beyond its 

UV-visible spectrum.  The UV-visible analysis showed peaks at 280 nm, 346nm 

and 450 nm.   
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Caging of dsRNA 

Caging of dsRNA with diazo-DMNPE was performed following 

previously described methods. Caging with compound 5 (diazo-CD-DMNPE) 

was done similarly with the following modifications:  To 250 µL of dsRNA in 

tris-acetate-EDTA buffer, freshly prepared compound 5 in DMSO (50 µL, 1.25 

µmols) was added and gently shaken for 12 hours, protected from light.  This 

addition of freshly prepared compound 5 in DMSO (50 µL, 1.25 µmols) was 

repeated every twelve hours for four times. Finally a double amount of 

compound 5 in DMSO (100 µL, 2.50 µmols) was added and allowed to react for 

24 hours, protected from light.  

Purification of caged dsRNA and Mass Spectrometry of caged dsRNA 

As previously described and published in the literature [67]. 
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Figure 105. ESI-MS of CD-DMNPE modified scrambled dsRNA (top), DMNPE 
modified GFP targeting dsRNA (middle), and DMNPE modified scrambled 
dsRNA (bottom).  Expected masses are indicated in parenthesis, with actual 
masses indicated below.  Actual masses are derived by deconvolution of 
multiple, multiply-charged ions as described in the main text and methods 
section.  Starred species * are depurination products.  SP2 indicates sense strand 
with two protecting groups attached.  ASP2 indicates antisense strand with two 
protecting groups attached. 
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Cell culture for biological assay 

As previously described in this 

chapter[119][119][119][119][119][119][119][119][119][117][119][119] with the 

following modifications: HeLa cells were plated in a 96 well format, at 70% 

confluency, and allowed to culture for 18-20 hours.  Cells were then co-

transfected with pEGFP-C1 (0.099 µg/well), pDsRed2-N1 (0.132 µg/well) 

plasmids, uncaged or caged dsRNA (0.20 pmols, 1.56 nM for 1x concentration 

and 0.98 pmols, 7.80 nM for 5x concentration) and lipofectamine (1.13 µL/well) 

in Opti-MEM (120 µL/well) for 6 hours. Cells were washed with Opti-MEM (150 

µL) and irradiated for 10 minutes in Opti-MEM (100 µL) using a Blak-Ray lamp 

(Model XX-15L, 30 W) placing the lamp 10 cm above the 96-well plate. One half 

of the plate-lid was protected from light using aluminum foil and the other half 

was exposed to UV light filtered through a WG-320 long pass filter (Edmund 

Optics). Cells were then cultured in antibiotic free DMEM media (200 µL) 

containing FBS (10%) for 42 hours and washed with PBS (200 µL).  After adding 

fresh PBS (100µL), the fluorescence intensity of both GFP and RFP were 

determined using a fluorescent microplate detector (Beckman Coulter). Each 

point was corrected for mock (cell treated with lipofectamine in Opti-MEM) and 

then each GFP/RFP ratio was normalized to the GFP/RFP ratio of the control 

(plasmids and lipofectamine in Opti-MEM without light). 

Cell culture using PC-12 cells 

 A PC-12 cell were plated in a 96-well plate using PC-12 growth media and 

after 18-24 hours of plating media was changed to 100ng/mL NGF containing 
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media for differentiation [120]. Then media was changed with fresh NGF 

containing media after every two days. After 5 days of plating, transfection was 

performed using 0.099 µg/well of GFP (green fluorescence protein) expression 

plasmid pEGFP-C1, 0.132 µg/well RFP (red fluorescence protein) expression 

plasmid pDsRed2-N1, 1.56 nM of caged or uncaged GFP targeting dsRNA and 

1.125 µg/well lipofectamine reagent (Invitrogen) in 120 µL of Opti-MEM media 

(Invitrogen) [68]. After 6 hours of transfection cells were washed with 150µL 

Opti-MEM and 100 µL of Opti-MEM was added to each well. Half of the plate 

was covered with WG-320 filter and the other half with aluminum foil. Cells 

were then exposed to UV light for 10 minutes. Then the media was changed to 

200µL Antibiotic free NGF containing media. After 42 h of incubation cells were 

washed with 200 µL of PBS, pH= 7.2 and 100 µL of fresh PBS was added for 

fluorescence reading [120]. Fluorescence reading of the plate was taken for 

measuring the GFP (Excitation- 485 nm, Emission- 535 nm) and RFP (Excitation- 

535, Emission- 595) expression. 

Half-well patterning experiment 

A mask was printed in a 96-well format with a line on the diameter of 

each well using a monochrome printer. Then a flat-black painted brass metallic 

strip was aligned with its edge on the diameter to cover one-half of each well in 

the column. And then these strips were glued to the transparency at each 

alternating column using epoxy adhesive. This metallic mask was aligned and 

glued to the bottom of a 96-well plate with non-metallic side in contact with the 

plate. Using this plate, cell culture was performed as above except that the mode 

of irradiation was switched from top to bottom irradiation since the mask was 
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placed at the bottom of the plate. Lamp, time of irradiation and distance of the 

lamp from the cells, as well as all cell culture conditions were identical to those 

used for the whole well experiments. 

Gradient patterning experiment and analysis  

A mask in a 96-well format with linear gradient in each well was printed 

on a Highland-903 transparency using a color laser printer (Canon). The gradient 

was printed within a rectangular area of the size of field of view of the 

microscope in order to visualize the complete gradient in a single view. The 

mask was aligned and glued to the bottom of a 96-well plate with non-printed 

side in contact with the plate. Using this designed plate, cell culture was 

performed same as the half-well experiment with an exception of the source of 

irradiation. In this experiment, the 96-well plate was irradiated from the bottom 

for 10 minutes in the tissue culture hood using the point source, discussed earlier 

in the text. Following microscopy, image analysis was performed using Adobe 

Photoshop by calculating the mean intensity (A) of equally divided sections (n) 

and by calculating the background intensity (B). For each section, the mean 

intensity was corrected for its background intensity (An-B) and then each section 

was normalized to the corrected intensity of the first section (A1-B) for all the 

sections (An-B)/(A1-B). This was performed for both GFP and RFP to calculate 

values described by ([(An-B)/(A1-B)]GFP)/([(An-B)/(A1-B)]RFP).  These were then 

plotted as a function of distance in the image. 
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Letters patterning experiment 

A mask in a 96-well format with different letters in each well was printed 

on a Highland-903 transparency using monochrome LaserJet printer (HP). In 

order to avoid any leakage of light through the black printed mask at the 

microscopic level, Magic Dark™ Solution (Advance Chemical Engineering, Inc.) 

was applied on the transparency following manufacturer’s instructions. Each 

mask was separately aligned and glued to the bottom of a 96-well plate as given 

above. Using this designed plate, cell culture and irradiation was performed 

exactly as the gradient patterning experiment. 

Microscopy 

Microscopy was performed using a Nikon Eclipse TE-300 inverted epi-

fluorescence microscope. All images were taken using the 2x objective lens. GFP 

and RFP filter cubes were used for GFP and RFP signals respectively. For 

fluorescence images 50 seconds and 15 seconds of exposure time were used for 

GFP and RFP respectively. The monochrome images generated using CCD were 

pseudocolored to the appropriate color. 

Cell viability assay  

To check if there is any cytotoxicity due to irradiation, cell viability was 

measured using CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay 

(Promega). Complete cell culture procedure was followed as above including 

plating, transfection and irradiation. And 42 hrs post-irradiation, cell viability 
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was measured by following the manufacturer’s protocol. Each absorbance value 

was normalized to lipofectamine without UV exposure. 
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CHAPTER 3 

INTRODUCTION: INSULIN PHOTO ACTIVATED DEPOT 

Physiological release of insulin 

Insulin is a peptide anabolic hormone secreted by pancreas in response to 

increased levels of nutrients in the blood. Insulin is the key regulator of 

carbohydrate and fat metabolism, and is also involved in amino acid metabolism. 

Figure below clearly demonstrates that physiological release of insulin is tightly 

regulated by blood glucose level. For example, both blood glucose and insulin 

levels spike during breakfast, lunch and dinner and decrease to basal levels 

during bedtime.  

 

Figure 106. Physiological release of insulin (blue) in response to blood glucose 
level (red). Starch rich food is represented with bold lines while sucrose rich food 
is represented with dotted lines. Image taken from literature [121]. 

 

Insulin is synthesized and released by beta cells, present in the islets of 

Langerhans in pancreas. The released insulin in the blood acts via insulin 
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receptors that are present in most types of cells. In liver, it increases the 

absorption of glucose, increases the synthesis of glucose and decreases the 

breakdown of glycogen. In muscles, it increases the uptake of glucose for energy. 

In fat cells or adipocytes it decreases the breakdown of triglycerides. 

Structure, biosynthesis and solubility of insulin 

Insulin consists of two polypeptide chains, referred as chain A and B, 

linked via disulfide linkages. It contains of 51 amino acid (aa) residues and 

human insulin has a molecular weight of 5808 Da with slight interspecies 

variations in the sequence.  

 

Figure 107. Sequence of human insulin. Basic groups (purple-blue), acidic groups 
(red), histidines (green), cysteines and disulfide bonds (yellow) 

 

Human insulin sequence consists of six cysteine residues forming three 

disulfide linkages, two of which are involved in linking chain A (21 aa) with 

chain B (30 aa) and third disulfide bond is present in chain A. Each chain consists 

of two glutamic acid residues and one carboxylic acid terminus. Therefore, it 

consists of a total of six carboxylic acids, three in each chain. Furthermore, it 

consists of a lysine and an arginine residue in chain B and two amino termini, 

one in each chain, with a total of four basic groups.  
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Figure 108. Biosynthesis of insulin and C-peptide from proinsulin by proteolytic 
cleavage. Indicated Chain A (red), chain B (orange), chain C (blue), disulfide 
linkages (yellow). 

 

Insulin is synthesized in the beta cells by translation of mRNA into 

preproinsulin, which gets transported to endoplasmic reticulum and signaling 

peptide is cleaved off generating proinsulin. This proinsulin containing chains A, 

B and C and gets cleaved by specific proteases to yield mature insulin. The 

cleaved byproduct, C-peptide, is also released into the blood stream and is 

generally used as a diagnostic biomarker to determine if the person is making 

proper amounts of insulin or has diabetes.  

 Insulin is synthesized and stored as microcrystals mediated by zinc-

containing hexamers and calcium in vesicles of beta cells of islets of Langerhans 

[122]. After stored vesicles releases insulin crystals outside the cells into 

intercellular fluid, they get solubilized in the blood, transported to the liver and 
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other tissues, binds with the insulin receptor as monomeric insulin to exert its 

anabolic action, facilitating glucose uptake by different tissues and storing 

glucose in the liver as glycogen [123]. Very recently the interaction of insulin 

with insulin receptor has been unraveled [124]. 

 

Figure 109. Crystal structure of human insulin hexamer complexed with two zinc 
atoms in the center via histidine side chains. Image taken from the literature.[125] 

 

In solution, insulin can exist as dimer at higher concentration and as 

hexamers in the presence of Zn++ and other divalent cations. Crystal structure of 

hexameric insulin with zinc ions indicates that six insulin molecules interact with 

two zinc ions in the center via side chains of B10 histidine residues [123, 126]. 

Insulin has an isoelectric point around 5.3 and higher solubility in slightly 

acidic aqueous solutions (for example 0.01N HCl). Moreover, it is very soluble in 

organic solvents like DMSO and DMF. However, it possesses very poor 

solubility in basic conditions.  
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Diabetes mellitus 

In normal healthy body, insulin is released in normal levels in response to 

glucose levels. However in case of diabetes mellitus, either the insulin release or 

response to insulin is decreased requiring the intake of exogenous insulin or 

other oral medications.  

 

Figure 110. Normal insulin production by healthy pancreas (top) and insufficient 
insulin production by pancreas in case of diabetes mellitus (bottom). Image has 
been taken from A.D.A.M., Inc., MedlinePlus, NIH. 

 

In 2011 it was estimated by World Health Organization (WHO) that 

around 347 million in world. The same year National Institute of Health (NIH) 

estimated that around 25.8 million were in USA. Furthermore, WHO estimated 

that about 3.4 million died in the year 2004 from diabetes as a consequence of 

high fasting levels of blood glucose. 

Types of diabetes 

There are three major kinds of diabetes mellitus, type I or insulin 

dependent diabetes, type II or non-insulin dependent diabetes and gestational 
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diabetes. Other minor types of diabetes include latent autoimmune diabetes in 

adults, neonatal diabetes mellitus and maturity-onset diabetes of young, etc. 

These rare forms of diabetes are caused by various factors including immune 

defects, genetic defects, pancreatic disorders, endocrinopathies, chemicals and 

infections. 

In case of type I diabetes or juvenile diabetes, beta cells of pancreas are 

destroyed by patient’s own immune system as a result of autoimmune disorder. 

Therefore, insulin production is minimal and thus glucose accumulates in the 

blood resulting into hyperglycemia. Hyperglycemia affects functioning of many 

organs and if left untreated, it can lead to complications like kidney damage, 

cardiovascular damage neurological damage, and poor circulation to limbs, 

diabetic retinopathy and diabetic neuropathy. Patients suffering from type I 

diabetes must take insulin throughout their lifetime to avoid such complications. 

 

Figure 111. Type I diabetes. Insulin producing beta cells are destroyed by body’s 
own immune system resulting into deficiency of insulin in the body. Image has 
been taken from A.D.A.M., Inc., MedlinePlus, NIH. 
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Type II diabetes is non-insulin dependent diabetes and is characterized by 

hyperglycemia caused due to decreased response of insulin or insulin resistance 

and relative deficiency of insulin. It can be caused due to various factors 

including lifestyle, stress, environment, obesity, heredity and preexisting medical 

conditions. Symptoms include polyurea (frequent urination), polydipsia 

(frequent thirst) and polyphagia (constant hunger). Patients suffering from type 

II diabetes can suffer from above discussed complications of chronic 

hyperglycemia. Treatment of type II diabetes includes a variety of oral 

medications besides insulin. These agents work by 1) increasing secretion of 

insulin, 2) increasing sensitivity of target cells to insulin 3) decreasing the 

production or absorption of glucose. 

Gestational diabetes is caused in women without preexisting diabetes and 

is characterized by high blood sugar levels during pregnancy. If unmanaged, 

patients have high risk of developing type II diabetes. Other complications for 

infants include larger size of the gestational baby requiring caesarean section, 

hypoglycemia, and jaundice. Insulin is the major drug of choice by physicians for 

the management of gestational diabetes. However, patients prefer oral drugs like 

metformin and often prescribed along with insulin injections. Glucose level 

should be closely monitored throughout pregnancy.  
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Figure 112. 2011 National Diabetes Fact Sheet, Center for Disease Control and 
Prevention (CDC) based on 2007-09 survey. 

 

Insulin is required by all type I diabetics and is major drug of choice for 

gestational diabetes. Furthermore, it is also prescribed for type II diabetes in 

cases where insulin production is reduced. About 26% of the diabetics in United 

States take insulin either alone or in combination with oral drugs. 

Table 3. A list of insulin analogs and drugs for the management of diabetes. 
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Problems with insulin therapy 

Since insulin is a peptide hormone, it gets degraded by gastric enzymes 

and hence cannot be delivered by oral route. Therefore, the available route of 

delivery is limited to subcutaneous route and patients have to take painful 

injections multiple times everyday. Although patients would prefer other routes 

of insulin delivery, there are no currently available formulations in the market. 

Several clinical trials are being conducted for oral, transdermal or inhalation 
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formulations of insulin. Researchers are also in pursuit of pancreas 

transplantation or creating artificial pancreas. 

Another major problem with insulin therapy is that patients find it 

difficult to choose right dose and right time of injection. Due to high fluctuations 

in the blood glucose level as discussed earlier, patients have to closely monitor 

blood glucose level and then accordingly determine insulin dose. These 

variations in the blood glucose levels depend upon the amount, type and time of 

food intake. Other influential factors like daily physical activities and exercise 

further complicate this calculation. Very often patients miscalculate the dose and 

undergo hypoglycemic shocks. Furthermore, there are several different forms of 

insulin injection formulations available in the market.  

Strategies to manage this problem 

Insulin analogs 

One of the most common strategies to address the problems with insulin 

therapy involves the use of insulin analogs [127]. Different variants of insulin has 

been developed and approved for improving life style of the diabetics.  
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Figure 113. Pharmacokinetic profiles of various insulin analogs [127]. 
 

For example, long acting insulin can maintain basal level of insulin level 

of insulin in the blood for about 24 h. However, diabetics often incorporate other 

rapid acting insulin analogs before their meal to maintain their blood glucose 

levels. Furthermore, rapid acting insulin can onset its action in 15 min and can 

peak in less than 2 h sufficing immediate insulin requirements of diabetics. 

Premix of different insulin analogs is the common regimen followed to maintain 

basal level of insulin along with desired spikes. For example, patients are often 

prescribed to combine long-acting insulin with rapid-acting insulin in their 

dosing regimen or take pre-mixed insulin to maintain basal level insulin and 

avoid complications severe hypoglycemia. 
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Delivery techniques 

Currently, subcutaneous delivery is the only commercially available route 

of administration. However, several efforts have been made to insulin delivery 

for patient compliance. Although, syringes are the traditional and most common 

method of injecting insulin other more convenient approaches have been 

developed and currently used by the patients. For example, insulin pens can be a 

handy way to inject insulin into the blood stream subcutaneously by dialing 

desired dose. However, patients have to still inject insulin multiple times and 

calculate their dose of insulin. 

One of the most common automated systems for insulin delivery involves 

the use of insulin pump that can provide delivery of insulin for several days. 

These contain an insulin reservoir with a pump, connected to an infusion set via 

tubing. Based on the insulin requirements, it can be pumped into the body and 

can provide a tight control of insulin levels. Although insulin pumps are a big 

improvement over the insulin injections, patients are advised to monitor their 

blood glucose levels closely. Furthermore, they are invasive, bulky and 

discomforting to the patients. Another alternative to insulin injections involves 

the use of injection ports. This minimizes the puncturing of skin and can be 

considered as less invasive method and patients have to monitor their glucose 

levels, calculate dose of insulin and inject insulin multiple times and thus does 

not provide a tight control of insulin level. 



  154 

 

Figure 114. Alternative methods to administer insulin. Image taken from 
NIDDK, NIH 

 

Current advances in glucose monitoring devices 

Traditional blood glucose monitoring devices sold commercially are based 

on enzyme linked sensors glucose oxidase, glucose dehydrogenase or 

glucokinase/hexokinase [128]. Currently available continuous glucose 

monitoring devices for clinical use are invasive in nature and require implanting. 

For example, MiniMed-Medtronic continuous glucose monitoring systems 

(CGMS) can be subcutaneously implanted and can detect glucose based on 

amperometric enzyme (glucose oxidase) electrode. GlucoWatch (Cygnus, Inc.) is 

based on reverse iontophoresis and works by applying small amount of current 

through skin to extract glucose from skin and GlucoDay (Menarini Diagnostics) 

microdialysis system requires implantation of a hollow dialysis fiber which 

pumps out glucose-containing fluid for detection by sensor [129]. These and 
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other systems under development including some implantable glucose sensors 

containing an enzyme electrode have been demonstrated to function for more 

than a year in pigs [130]. For in vivo glucose monitoring in animals, several 

research groups have used other implantable sensors, for example, based on 

concanavalin A [128, 131, 132]. 

Besides these invasive implantable sensors, several other minimally 

invasive or non-invasive glucose-sensing devices are under development based 

on different approaches. These include glucose flux sensors permealized by 

using ultrasound, skin tattoos containing fluorescent nanosensor for glucose 

detection in the blood, contact lens with embedded glucose sensor for blood 

glucose measurement in tears, occlusion near infrared (NIR) and laser based non-

invasive glucose monitoring devices using Raman spectroscopy and laser 

polarimetry devices measuring impedence of tissues for glucose levels based on 

impedence spectroscopy and devices measuring infrared (IR) signature 

generated by the body using thermal emission spectroscopy [133-142]. 
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Figure 115. Different methods for developing non-invasive glucose monitoring 
devices. Image redrawn from the literature.[134] 
 

Current research on insulin delivery and artificial pancreas 

Besides subcutaneous route of delivery of insulin other routes for the 

delivery of insulin include oral delivery, transdermal delivery, inhalations that 

are being investigated in the clinical trials. Although these systems if approved 

for use can provide huge patient compliance, however, the blood glucose level 

could not be controlled tightly. 
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Pancreatic transplantation can also be performed on diabetes and has very 

high success rate of 88-95% for 1-year survival rate of pancreas [143]. However, 

there are very few organ donors and survival rate decreases over years. 

Furthermore it possesses chances of complications like thrombosis, pancreatitis, 

infection and rejection.  

 Several efforts have been made in development of mechatronic or 

bioartificial pancreas by combining continuous glucose monitoring with insulin 

release device or cells controlled by closed-loop algorithms to mimic 

physiological release of insulin by pancreas [144-146]. Mechatronic artificial 

pancreases include subcutaneous and intraperitoneal implantable miniaturized 

insulin pumps and glucose sensors [147-150]. Bioartificial pancreases include 

tissue engineering and pancreatic cell encapsulation using macrocapsular and 

microcapsular devices [151-154]. However, there are several challenges 

associated with these approaches including requirement of implantation, tissue 

reaction, infection and immune response [155, 156]. New technologies of insulin 

release coupled with glucose sensing polymers are under development [157, 

158]. For example, SmartCells, Inc. modified insulin with glucose that remains 

bound with the glucose-binding polymer and remains inactive. However, in 

presence of high concentrations of glucose the insulin gets displaced from the 

polymer and becomes active. This can provide a tight control over glucose levels. 

However, several parameters are required to be optimized before it can be made 

available to the patients. 
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Figure 116. Image taken from web (SmartCells, Inc.) 
 

Our approach by creating an insulin photoactivated depot (i-PAD) 

Our approach to solving these problems with insulin therapy includes 

creation of an insulin depot that can release insulin in a dose dependent manner 

using light. Our goal is that in the absence of light insulin will remain attached to 

the depot. However, using light insulin can be released from the depot. There are 

several potential advantages to this approach, which will be discussed later in 

this section. 

 



  159 

 

Figure 117. Overall objective of insulin photoactivated depot. 
 

  

We propose that insulin photoactivated depot could be injected under the 

shallow layers of the skin. Using a light source, for example, attached to an arm 

band, could irradiate the depot under the skin to release insulin in a controlled 

fashion. Taking an insoluble matrix and covalently attaching insulin via a 

photocleavable linker could create insulin photoactivated depot. Using a non-

toxic light, these photolabile groups could be cleaved, releasing insulin into the 

surrounding tissue. Insulin could then diffuse into the body and the matrix could 

be slowly biodegraded. Finally this approach could potentially provide tight 

control of blood glucose level once combined with non-invasive blood glucose 

monitoring devices.  
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Figure 118. Overall scheme of insulin photoactivated depot 
 

Advantages of i-PAD over conventional insulin therapy 

 This approach could be applied for all type-I diabetics who inject insulin 

everyday multiple times a day. By creating a depot, in a single injection, we 
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could potentially inject insulin for multiple weeks and thus avoiding multiple 

injections. Furthermore, it would limit the chances of infection, inflammation and 

pain caused by multiple injections. The second most important advantage over 

other conventional approaches is that the release of insulin could be controlled 

very tightly using non-invasive light, resulting into tight control of blood sugar 

levels. Finally insulin release could be potentially coupled with non-invasive 

blood glucose monitoring devices using a determined algorithm so that minute-

by-minute monitoring of blood glucose monitoring and release of insulin are 

coupled, creating an artificial pancreas for the patients. 

 We will be describing our efforts to create and test an insulin 

photoactivated depot in the next chapter. 
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CHAPTER 4 

CONSTRUCTION OF INSULIN PHOTO ACTIVATED DEPOT 

Insulin has saved lives of hundreds of millions of diabetics around the 

globe. In particular, type I diabetics are burdened with lifetime injections of 

insulin with multiple injections everyday. This results into another key problem 

of patient compliance with current invasive delivery techniques. Furthermore, 

variable dose requirement, poor glucose control and invasive glucose monitoring 

devices further complicate the life-style of patients. Several researchers are 

working in this area to solve these problems.  

Overall approach 

 We propose to construct an insulin photo-activated depot (i-PAD) that can 

potentially be injected under the shallow layers of the skin and then the skin can 

be irradiated with light from outside to release insulin, diffusing into 

surrounding tissue and into the blood stream. In the absence of light, this depot 

would be stable and remain intact with no insulin release. However in the 

presence of light, insulin should be released in the presence of light in the dose-

dependent manner. Therefore, this i-PAD would theoretically be comprised of 

following components: a biocompatible matrix with slow biodegradation rate, a 

bi-functionalized photo-crosslinker and insulin. 
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Figure 119. Overall hypothesis- Insulin photoactivated depot (i-PAD) can be 
injected under the shallow layers of skin. Light can be applied directly from top 
of the skin to release insulin from the matrix, mediated by photolysis. Released 
insulin can diffuse into the body and the matrix can be slowly biodegraded. 

 

Possible synthetic approaches 

To construct such a material there are multiple approaches. One of these 

approach could be the divergent approach where we can start with a 

biocompatible and/or biodegradable material as a base matrix and build off the 

final construct by attaching first a bifunctionalized photolabile crosslinker onto 

matrix and then finally attaching insulin onto the photolabile crosslinker. The 

chemistry should be designed such that the bond between insulin and 

crosslinker is photocleavable to release insulin in response to light. Furthermore, 

the two functional groups of bifunctionalized photolabile crosslinker should be 

orthogonal to each other. One of the member from our lab is currently working 

on this approach and will be discussed elsewhere. 
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Convergent vs. divergent approaches to create i-PAD 

Another approach could be convergent approach, where we can attach 

bifunctionalized photolabile crosslinker to the insulin and in independently 

introduce desired functionality on the matrix and then finally attach the 

modified insulin to the functionalized matrix. This approach has several 

advantages and shortcomings. Some of the shortcomings include: 1) More 

reaction steps than divergent approach; 2) Greater amount of precious material, 

insulin, will be lost during reaction and purification steps as it is required in the 

earlier steps and; 3) Therefore, less convenient for synthesizing in the production 

scale compared to the divergent approach; 4) Difficult to apply this technique to 

other proteins or macromolecules as each molecule will require optimization. 

 

Figure 120. Synthesis of insulin photoactivated depot using divergent approach. 
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Despite several shortcomings there are multiple advantages to the 

divergent approach including following: 1) this technique can be leveraged from 

our earlier established technique of modifying siRNAs using photolabile groups; 

2) insulin can be modified, purified and characterized with different level of 

photolabile groups; 3) these modified photolabile insulin molecules can be 

studied in greater detail for assessing their photokinetics and infer sites of 

reaction; 4) reactants would be well characterized and hence much cleaner final 

system resulting into lesser batch to batch variation and greater reliability; 5) 

Different variants of resin can be easily tried including biocompatible resin, 

biodegradable resin, biopolymers, hydrogels, etc. 

 

Figure 121. Convergent approach for synthesis of insulin photoactivated depot. 
 

Besides these advantages, the convergent approach would aid in the 

development of another approach of creating photocleavable crosslinked 

polymer of insulin itself. This project is being pursued by other members of our 
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laboratory and the detailed description of this approach will be discussed 

elsewhere.  

We selected convergent approach to synthesize the final construct. The 

basis of this selection was also based on limited number of reactions on the solid 

phase and hence better characterization of the each step. Furthermore, synthesis 

of new photolabile groups and understanding its reaction with insulin can help 

us in delineating the chemistry and apply it to other macromolecules. We will 

discuss further in greater detail in the last chapter. 

Selection of a convergent approach 

We designed and performed synthesis of insulin photoactivated depot 

using convergent approach. For this purpose, we designed a synthetic scheme as 

described in Figure 133.  

 

Figure 122. Retrosynthetic approach to achieve insulin photo-activated depot 
 

We propose to synthesize a photolabile molecule with two orthogonal 

functionalities, one to react with insulin, and other to attach the photolabile-
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insulin to the solid matrix. Briefly, we used DMNPE-acid as the base molecule to 

introduce a new functionality of alkyne, which can be utilized in the final step for 

coupling with azide using click chemistry. Furthermore, we propose that, similar 

to the diazo-phosphate reaction, DMNPE-alkyne-diazo can be reacted with 

carboxyl groups of insulin to introduce photocleavable-alkyne functionality to 

insulin. Finally the insulin-alkyne can be attached to the azide coupled solid 

matrix using click chemistry.  

We performed the synthesis of DMNPE-acid by following Holmes as 

described earlier [116]. 

 

Figure 123. Positions for the attachment of insulin and solid phase on DMNPE-
acid 
 

Approach 1: Synthesis of DMNPE-alkyne hydrazone 

To introduce alkyne group to the photolabile base molecule, we coupled 

DMNPE-acid with propargyl amine. We successfully synthesized DMNPE-

alkyne ketone in solution phase using EDC/HOBt chemistry and then purified it 

using acid-base extraction (Figure 135). We characterized the product using TLC 
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(silica/1:3 MeOH:EtOAc) and LC-MS. However, we faced several challenges 

during the conversion of DMNPE-alkyne ketone to DMNPE-alkyne hydrazone.   

 

Figure 124. Synthetic and photolysis scheme of insulin photo activated depot, 
described as approach-1 in the discussion. Synthesis of DMNPE-alkyne ketone 
was successfully performed. However, conversion of DMNPE-alkyne to 
DMNPE-alkyne hydrazone was major concern characterized by MS analysis. 

 

We made several efforts to purify the DMNPE-alkyne hydrazone by 

partitioning the mixture between RNase free water (pH=4.5)/chloroform or 
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EtOAc, saturated sodium chloride (pH=6.5)/chloroform or EtOAc, saturated 

sodium bicarbonate (pH=9.5)/chloroform or EtOAc, 1 N hydrochloric acid 

(pH=1)/chloroform or EtOAc, and 1% sodium hydroxide (pH=10.8)/chloroform 

or EtOAc. However, we could not purify the product using any of these 

partitioning conditions. We also tried to purify the product using column 

chromatography using 5% methanol/DCM but failed to yield the pure product. 

It was interesting to note that some of the products separated by column 

chromatography changed color from blue-green and green-yellow to yellow after 

evaporation. We performed reaction multiple times and followed each 

purification condition using TLC (silica/various solvent conditions). 

We also tested the integrity of DMNPE-alkyne hydrazone, purified by 

column chromatography, by treating them with manganese dioxide to generate 

DMNPE-alkyne-diazo. We noticed generation of bubbles during reaction in some 

fractions with conversion of color from yellow to greenish yellow; however, we 

could not confirm the formation of diazo. Traditionally we have observed the 

conversion of yellow color to red during diazo conversion of DMNPE and 

absorbance at 450 nm. Since the alkyne group was not electronically conjugated 

to the ring or diazo, theoretically it should not affect the absorbance at 450 nm. 

Therefore, we remained uncertain about the missing 450 nm and could not 

corroborate the formation of DMNPE-alkyne diazo and for that matter the 

formation of DMNPE-alkyne hydrazone. 

We performed conversion of DMNPE-alkyne ketone to DMNPE-alkyne 

hydrazone by refluxing the reactants at 90°C in the presence of glacial acetic acid. 

We hypothesized that the conversion of ketone to hydrazone might be interfered 

by the presence of alkyne in such harsh conditions. For example, terminal 
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alkynes can be converted to nitriles by reacting with hydrazine in the presence of 

ruthenium based catalyst.[159]  

 

Figure 125.Possible side reaction of terminal alkynes with hydrazine from the 
literature.[159] 
 

Furthermore, we have observed earlier the formation of azines as an 

intermediate during the conversion of variants of DMNPE ketone to DMNPE 

hydrazone and hence can be a major side product. However, as observed earlier, 

azine formation can be prevented by taking excess of hydrazine and by using 

proper refluxing conditions to prevent its loss due to evaporation. 

 

Figure 126. Possible formation of DMNPE-alkyne azine as a side product, from 
DMNPE-alkyne ketone, in the presence of limited amount of hydrazine. 
 

Approaches to resolve the hydrazone conversion issue 

Hydrazone conversion is one of the key steps for the synthesis of 

DMNPE-based photolabile groups as we observed in our earlier studies. 

Therefore, we tried several approaches to optimize the synthesis of DMNPE 

based hydrazone towards the goal of achieving the synthesis of insulin 

photoactivated depot. There were several possibilities to resolve or bypass this 
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issue. We could optimize the reaction by changing the reaction condition 

including concentration of reagents and temperature, using milder reagents like 

tosyl hydrazone, or by improving purification conditions, for example, 

performing HPLC purification. Furthermore, another approach is to use internal 

alkynes instead of terminal alkyne to prevent hydrazone side reactions. 

However, for this approach to work, we would require a less commonly used 

ruthenium-based catalyst for the click chemistry instead of copper in the final 

step. Another approach along these lines is to incorporate a strained cyclooctyne 

based internal alkyne molecule and utilize it further for copper-free click 

chemistry. However, a strained alkyne is very reactive towards azides and could 

potentially form side-products with hydrazine at higher temperature and might 

not resolve our issue.  

Another approach could be to interchange the alkyne and azide functional 

group, and thus synthesize DMNPE-azide instead of DMNPE-alkyne, and 

alkyne-matrix instead of azide-matrix. Furthermore, we should keep in mind 

that azide group might not tolerate harsh hydrazone conversion step and could 

result into the formation of side products or degradation of azide group at high 

temperature.  Another possibility would be to protect the terminal alkyne before 

hydrazone conversion and then deprotect it after hydrazone conversion. 

However, it will involve extra steps of functional group protection and 

deprotection with purification and loss of yield at each step. 

Finally we could bypass the presence of alkyne group by changing the 

reaction steps, by first converting DMNPE-acid to DMNPE-acid hydrazone, and 

then, introducing the alkyne functionality in the next step. Due to simplicity of 

the reaction we tried this approach and will be discussed in detail as approach 2. 
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Approach 2: Synthesis of DMNPE-acid hydrazone 

To avoid the presence of alkyne group during hydrazone conversion step, 

we planned to introduce hydrazone moiety in the earlier steps by converting 

DMNPE-acid into DMNPE-acid hydrazone, followed by incorporation of alkyne 

group using propargyl amine in the next step. After performing the hydrazone 

conversion step using hydrazine and glacial acetic acid, we tested the formation 

of hydrazone using MS analysis. However, even before performing reaction we 

anticipated the possibility of formation of hydrazide instead of hydrazone due to 

the presence of carboxylic acid group in DMNPE-acid. Nevertheless, we tried the 

hydrazone conversion step using DMNPE-acid and characterized the product 

using TLC, HPLC, and LC-MS.  

Due to high possibility of formation of DMNPE-hydrazide we carefully 

observed for the formation of this side product. Since the exact mass of desired 

product and side product are same, we used LC-MS-MS analysis to confirm the 

formation of DMNPE-hydrazide. We found that reaction of DMNPE-acid with 

hydrazine hydrate did not yield the desired product, DMNPE-acid hydrazone, 

rather resulted into DMNPE-hydrazide side product.  
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Figure 127. Synthetic and photolysis scheme of insulin photo activated depot, 
described as approach-2 in the text. Conversion of DMNPE-acid to DMNPE-
alkyne hydrazone yielded multiple side-products as confirmed by LC-MS-MS 
analysis. 
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Figure 128. Reaction of DMNPE-acid with hydrazine hydrate could not yield the 
desired product DMNPE-acid hydrazone but resulted into DMNPE-hydrazide 
side product. Since the exact mass of desired product and side product are same, 
we confirmed its formation using LC-MS-MS analysis. 

 

  

 

Figure 129. TLC analysis of DMNPE-acid hydrazone. Lane 1 represents starting 
material DMNPE-acid while lane 2 represents unpurified DMNPE-acid 
hydrazone. Due to formation of multiple products it was difficult to obtain 
purified DMNPE-acid hydrazone. Furthermore, DMNPE-acid hydrazide 
possesses same exact mass and was found to be the major side product by LC-
MS-MS analysis. 
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Figure 130. Putative structures and exact mass of possible side products during 
conversion of DMNPE-acid to DMNPE-acid hydrazone. 

 

Since approach 2 did not yield the desired product as discussed earlier, 

we postulated that it might be easier to attach an azide to the DMNPE-acid and 

then perform the key hydrazone conversion step. Therefore we proposed a new 

scheme for the synthesis of insulin photoactivated depot, which will be discussed 

as approach 3. 

 

Approach 3: Synthesis of DMNPE-azide hydrazone 

 As we discussed earlier, another approach to avoid alkyne group during 

the synthesis of DMNPE-based hydrazone is to completely eliminate the 

functionality by incorporating its click-chemistry-counterpart, the azide group on 

DMNPE-acid. After an amino azide is coupled with carboxylic acid of DMNPE-

acid, the ketone group can be then converted into hydrazone, followed by 

oxidation of DMNPE-azide hydrazone to DMNPE-azide diazo and then this 

DMNPE-azide diazo can be subsequently reacted with insulin to form insulin-
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azide. Finally insulin-azide can be attached to the solid matrix using click 

chemistry, by utilizing matrix conjugated to alkyne. Therefore, this approach can 

completely eliminate the presence of alkyne from DMNPE-based molecule and 

can potentially improve hydrazone reaction, provided azide is stable unlike 

alkyne towards reaction conditions.  Furthermore, by synthesizing insulin-azide, 

we can use a variety of alkynes on the solid surface for effecting click chemistry 

in the final step as click chemistry utilizes the terminal azide with different 

alkynes. For example, terminal alkynes using copper/ruthenium based click 

chemistry, internal alkynes using ruthenium based click chemistry or strained 

alkyne using copper free click chemistry. 

 

Figure 131. Commonly used click chemistry reactions based on alkyne-azide 
Huisgen cycloaddition using terminal alkyne or strained alkyne. 
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Figure 132. Synthetic and photolysis scheme of insulin photo activated depot, 
described in approach-3. DMNPE-azide ketone, DMNPE-azide hydrazone, 
DMNPE-azide diazo and insulin azide were successfully synthesized. However, 
copper based click chemistry did not work with this approach. 

 

To test our hypothesis we performed synthesis of DMNPE-azide ketone 

by conjugating DMNPE-acid with azido-amine containing polyethylene glycol 

using EDC/HOBt as coupling reagent in solution phase. Following synthesis, we 

purified the product using acid/base extraction and characterized the product 

using UV-visible spectroscopy, TLC, HPLC, ESI-MS, LC-MS and NMR (H1 and 
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C13). We successfully synthesized and purified the desired product with 

quantitative yield and good purity. 

This purified DMNPE-azide ketone was then reacted with hydrazine 

hydrate by refluxing the mixture in the presence of glacial acetic acid. The 

product was then purified using column chromatography and characterized by 

using UV-visible spectroscopy, TLC, HPLC, ESI-MS, LC-MS and NMR (H1 and 

C13).  

 

Figure 133. Column purified fractions of DMNPE-azide hydrazone analyzed by 
TLC. Fractions containing DMNPE-azide hydrazone are represented by a 
rectangular box. 

 

Purified product showed two spots in TLC, two peaks in HPLC and TWC 

of LC-MS but a single mass peak in ESI-MS. Furthermore, EMS analysis of two 

peaks of the chromatogram in LC-MS showed same mass suggesting the 

presence of product in both the major peaks. These results were in accordance 

with the earlier findings of DMNPE-based hydrazone, where two peaks 

represented E and Z isomers of DMNPE-azide hydrazone. The product was 

synthesized with good yield and purity. Our findings suggest that azide group 

could tolerate harsh reaction conditions of hydrazone conversion while alkyne 

group could not. 
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In addition, oxidation of DMNPE-azide hydrazone using manganese 

dioxide to yield DMNPE-azide diazo also qualitatively confirmed the presence of 

hydrazone. Synthesis of DMNPE-diazo was primarily asserted by its red color 

with characteristic UV/vis absorbance peak at 450 nm and was finally confirmed 

by reacting with model compounds to afford photocleavable esters. We chose 2-

quinoxaline carboxylic acid (2-QCA) and gly-gly dipeptide as model compounds. 

 

Figure 134. Caging of a model compound, 2-QCA, using DMNPE-azide diazo. 
 

 

DMNPE-azide diazo (5 mM) was reacted with 2-QCA (1 mM) in DMSO 

for total 48 h and analyzed at different time points by HPLC analysis. However, 

due to high concentration of diazo, it was difficult to resolve the product peak 

from the diazo. Furthermore, reaction of gly-gly (1 mM) with DMNPE-azide 

diazo (5 mM) in DMSO for 34 h, yielded mono-modified product as a major 

product and di-modified product as minor species, as characterized by LC-MS 

and ESI-MS. DMNPE based diazo has been shown earlier to react with acidic 

groups (phosphates and carboxylates) and hence we postulated that the major 

product would be due to reaction at terminal carboxylic acid instead of amine 

group. We tried to perform MS-MS analysis to determine the position of reaction 

but due to the nature of gly-gly molecule it was difficult to confirm. 
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Figure 135. Putative products of reaction of DMNPE-azide diazo with gly-gly 
dipeptide. 

 

 
Figure 136. ESI-MS analysis (position ion mode) of gly-gly caged with DMNPE-
azide diazo without any purification. Major peak was mono-mod peak while 
minor amounts of di-mod peak was also observed. 
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Figure 137. LC-MS analysis (position ion mode) of gly-gly caged with DMNPE-
azide diazo without any purification. TIC, XIC of di-mod product (1039-1040 
amu), mono-mod product (586-587 amu) and TWC at 260-398 nm are arranged 
from top to bottom. LC-MS conditions are mentioned below the spectra. 

 

We proceeded with the reaction of human recombinant insulin (380 µM) 

with DMNPE-azide diazo (19 mM) for 14 h, taking higher equivalents of diazo 

(50x of insulin) to drive the reaction. We obtained a mixture of different levels of 

modifications on insulin. However, due to high quantity of diazo, product could 

not be resolved by HPLC.  
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Figure 138. HPLC analysis of unreacted insulin (green), DMNPE-azide diazo 
(red) and reaction mixture (blue) of insulin and DMNPE-azide diazo as 
described. All samples were monitored at 280 nm. Due to the presence of high 
quantities of diazo it was difficult to purify the product using HPLC. 

 

Therefore, we tried other alternative approaches to resolve this issue. We 

increased the concentration of insulin (1.6 mM) and lowered the equivalents of 

diazo (12.5 mM) during reaction. Furthermore, we tried to separate 

unmodified/modified insulin from DMNPE-azide diazo using gel filtration 

based Nap-5 columns, containing Sephadex G-25. Using this method, we could 

remove excess of DMNPE-azide diazo but could not eliminate it completely. This 

is because elution profile of DMNPE-azide diazo in water overlaps with insulin 

with these columns. To achieve better purification we tried to combine spin 

filtration technique with partially purified samples by using ultracentrifugation 

membrane filter with nominal molecular weight cut off 5 KDa (Millipore, 



  183 

Catalog# UFV5BCC25). We dried the fractions, combined fractions containing 

insulin and traces of diazo and dissolved in 0.01 N HCl. Following dissolution, 

samples were filtered through spin filter to remove diazo, freeze dried and re-

dissolved in 0.01 N HCl. We were able to remove DMNPE-azide diazo from 

insulin and perform MS analysis of insulin-azide mixture.  

 

 
 
Figure 139. ESI-MS of standard human recombinant insulin from commercial 
source. Insulin was dissolved in 0.01 N HCl at concentration of 5 µM and infused 
into mass spec in positive ion mode. 
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Figure 140. ESI-MS of insulin azide mixture formed by reacting 12.5 equivalents 
of DMNPE-azide diazo followed by nap-5 column and spin filtration process to 
remove excess of DMNPE-azide diazo but no HPLC purification was performed 
before mass spectrometry. 
 

 

 
Figure 141. HPLC analysis of insulin azide products obtained by reacting 12.5 
equivalents of DMNPE-azide diazo followed by nap-5 column and spin filtration 
process to remove excess of DMNPE-azide diazo. Signals monitored at 210 nm, 
280 nm and 345 nm. 
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Results of MS analysis showed multiple modifications on insulin along 

with unreacted insulin, suggesting that DMNPE-azide diazo reacts non-

specifically with insulin in DMSO. One of the reasons of higher modification 

could be presence of six carboxylic acid groups on insulin. 

 

Figure 142. Space filled crystal structure of human insulin with all six carboxylic 
acids centers highlighted (cyan). Image generated from PDB ID: 1TRZ using 
Chimera® software. 

 

 The presence of unmodified insulin after diazo reaction suggests that the 

reaction was incomplete. There are several challenges associated with the use of 

high level of modifications on insulin. For example, we will need more light to 

photolyze these groups, and hence can tremendously affect the kinetics of 

formation of free insulin from the depot. Furthermore, purification of higher 

modified insulin will be even more difficult due to the formation of a range of 

modified insulin species and their possible isomers. 
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 Due to these concerns we tried to optimize the reaction by decreasing the 

equivalents of diazo to 2x and 1x. We found that by lowering the diazo, we could 

wash off the unreacted DMNPE-azide diazo using just the spin filter, thus 

eliminated the need for an extra purification step using gel filtration. However, 

spin filters used in the diazo removal process are made of polyethersulfone and 

are incompatible with the DMSO. Therefore samples were dried in the freeze 

dryer to remove off DMSO and then reconstituted in 0.01 N HCl before using 

spin filters. Finally we characterized the insulin-azide mixture using ESI-MS and 

then purified distinct species using HPLC. Furthermore each HPLC fraction 

collected was analyzed using ESI-MS. 

 
 
Figure 143. ESI-MS of insulin azide mixture formed by reacting 2 equivalents of 
DMNPE-azide diazo followed by spin filtration process to remove excess of 
DMNPE-azide diazo but no HPLC purification was performed before mass 
spectrometry. 
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Figure 144. HPLC purification of insulin reacted with 2x of DMNPE-azide diazo 
in DMSO for 24 h, monitored at 280 nm. Each fraction was characterized using 
ESI-MS analysis and found to contain pure insulin, insulin mono-azide, insulin 
di-azide or mixture of insulin-higher-azides. 

 

Photokinetics studies 

After successful purification of insulin azides we performed separate 

photokinetics experiments of both insulin mono-azide and insulin di-azide using 

an UV lamp. We performed photolysis of species by irradiating samples for 

different time and observed for both the loss of starting material insulin-azide 

and formation of product insulin using HPLC by monitoring wavelengths at 

both 280 nm and 346 nm.  
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As one might expect, the photolysis of insulin follows pseudo-first order 

kinetics since the concentration of reactant light is constant. We proposed that 

insulin di-azide can photolyze to insulin mono-azide with a first order rate 

constant k1 and similarly insulin mono-azide can photolyze to native insulin 

with another first order rate constant k2.  

 

Figure 145. Photolysis scheme of insulin di-azide to insulin mono-azide with a 
rate constant k1 and then finally to insulin with a rate constant k2. 
 

  

Figure 146. Photolysis scheme of insulin mono-azide to insulin with a rate 
constant k3. 
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The photolysis data fits well with sequential first order kinetics and by 

applying these equations, we determined k1 and k2. 

Fitting of kinetic data 

The data was fit to the rate laws for serial first order conversions, where 

there are finite values of each species at time 0.  The following expressions 

(adapted from Benson, 1960), were fit to the kinetic data using Kaleidagraph. 

Photolysis of insulin di-azide 

A B  C, where A is insulin di-azide, B is insulin mono-azide, and C is insulin. 

A0≠0, B0≠0, C0≠0 

[A] = A0*exp(-k1*t) 

[B] = B0*exp(-k2*t)+((A0*k1)/(k2-k1))*(exp(-k1*t)-exp(-k2*t))  

[C] = C0+A0*(1-exp(-k1*t))+B0*(1-exp(-k2*t)-((A0/B0)/(1-(k2/k1)))*(exp(-k2*t)-

exp(-k1*t))) 

Equations used for photolysis of insulin mono-azide 

A0≠0, B0≠0 

A B  where A is insulin mono-azide and B is insulin. 

[A] = A0*exp(-k1*t) 

[B] = A0*(1-exp(-k1*t)) + B0 
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Photokinetics results 

 

Figure 147. Photokinetics experiment results of insulin mono-azide (left) and 
insulin di-azide (right) using UV lamp as light source. By fitting data into 
sequential first order reaction we found that k3 ≈ k2 ≈ ½k1.  

 

In similar fashion, photolysis of insulin mono-azide yields insulin with a 

rate constant k3. Results of photokinetics experiments suggest that the rate of 

photolysis of insulin mono-azide to insulin (k3) in insulin mono-azide 

experiment is approximately equal to rate of photolysis (k2) of insulin mono-

azide to insulin obtained from the photolysis of insulin di-azide. Furthermore it 

is almost half of rate of photolysis of insulin di-azide to insulin mono-azide (k1). 

Since concentration of photolabile groups are twice in insulin di-azide compared 

to insulin mono-azide, rate is doubled. If we correct for the number of 

photolabile groups present on insulin di-azide, rate constants of photolysis, k1, 

k2 and k3 are almost equal.  

These results suggest that reaction of photolabile groups occur at similar 

functional groups of insulin, certainly at carboxylic acid groups. Therefore 
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photolysis rates are similar of different species. These findings further strengthen 

our hypothesis, that DMNPE-azide diazo modifies insulin at carboxylic acid 

groups. 

 Besides performing rate constant determination using an UV lamp we 

used an UV point source built in-house using 200 mW 365 nm LED (Nichia) to 

perform photokinetics experiments. This point source would correlate better 

compared to UV lamp for the real-world settings when used by patients. For this 

purpose we used insulin mono-azide since it will be finally used for creation of 

an insulin photoactivated depot. Rate of photolysis using LED (K3 = 0.893 ± 0.105 

min-1) was found to be approximately 32-times faster than using UV lamp (K3 = 

0.028 ± 0.001 min-1). These results are very promising suggesting that very small 

amount of light would be required by the patients if LED is used. Furthermore, 

higher intensity LED can further decrease the time of irradiation allowing for 

faster photolysis. 

 

Figure 148.Picture of the point source (left) used for the photolysis of insulin 
azides using glass insert (right). 
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Results 

 

Figure 149. Kinetic plot of insulin mono-azide photolysis using LED point 
source. 
  

Selection of solid matrix and attachment of alkyne 

 For creation of insulin photo-activated depot, the desired solid matrix 

should be biocompatible and stable under skin structure milieu for long time 

before it gets biodegraded. However, to test the proof of principle, we selected 

few commercially available matrices and introduced alkyne-based linker. We 

selected carboxymethyl Sepharose (CM Sepharose) resin containing carboxylic 

acid functional group and reacted it with propargyl amine (alkyne amine) using 

a range of coupling reagents including EDC/NHS and TSTU/DMAP. However 

we were unable to test the coupling efficiency due to the high absorbance of 

coupling reagents in HPLC and absence of a cleavable linker, for example Rink 

amide linker. We tried to test these alkyne-modified resin by performing the final 

step reaction using insulin-azide and copper (I). However, we failed to achieve 

the final construct. We remained unconfirmed where the alkyne was not coupled 

properly to the resin or copper based click chemistry did not work.  
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 To delineate this concern, we switched from a non-cleavable Sepharose 

based resin to acid cleavable Rink amide based ChemMatrix resin and Spheritide 

resins. ChemMatrix resin is a biocompatible, crosslinked PEG-based resin with 

free amino termini on a Rink amide linker. And, Spheritide is a biodegradable 

and biocompatible crosslinked polylysine based resin with free amino termini on 

a Rink amide linker. Since these resins are amino functionalized we could not 

conjugate propargyl amine in a single step.  Therefore, we first modified the 

resin using glutaric anhydride to introduce carboxylic acid groups and then 

attached propargyl amine using HATU/DIEA coupling reagents to introduce 

alkyne functionality. We monitored the coupling efficiency using HPLC, 

although failed to quantitate it correctly, and finally used these resins for 

attachment of insulin-azide using click chemistry. 

 

Figure 150. Crosslinked PEG based biocompatible ChemMatrix resin used as a 
solid matrix in our design. Please note that Rink amide linker is not shown in the 
image for simplification. 
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Click chemistry 

Sharpless and coworkers developed the copper (I) based click chemistry 

for reaction of alkyne and azide in solution [160]. Concurrently, Meldal and 

coworkers developed and published their protocol for solid phase synthesis of 

triazoles by reacting alkyne and azide in the presence of Cu (I) directly [161]. 

Since, Cu (I) is less stable than Cu (I), Sharpless and coworkers have generated 

Cu (I) in situ from Cu (II) by using mild reducing agent like ascorbic acid or 

TCEP. Furthermore, they have also developed Cu (I) stabilizing polytriazoles 

ligands like TBTA to improve the reaction efficiency [162, 163]. Several 

researchers have further modified Cu (I)-catalyzed Azide-Alkyne Cycloaddition 

(CuAAC) protocols and applied in several fields including medicinal chemistry, 

polymer chemistry, materials science, biological chemistry, etc [164-169]. 

 

Figure 151. Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC)  
 

Problems with the copper based click chemistry 

We tried adopting this click chemistry for reacting solid-matrix alkyne 

and insulin-azide by following protocols from the literature [161, 163, 170]. 

However, none of theses approaches worked for the reaction of insulin azide 

with the solid-matrix alkyne. A list of these protocols is given in the table 4. 
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Table 4. List of copper based click chemistry reaction conditions tried and 
challenges observed with the reaction [161, 163, 170].  
 

 
 
 

 We hypothesized that issue of no reaction could be attributed due to 

poor solubility of insulin-azide. Human recombinant insulin expressed has an 

isoelectric point (pI) of 5.30-5.35 and is poorly soluble in aqueous solvents and 

insoluble in basic conditions. We observed that CuAAC protocols followed by us 

required either aqueous buffer as described by Sharpless or Tate or required 

THF/DIEA used by Meldal and in all these conditions insulin was found to be 

poorly soluble. To test whether solubility is an issue we tried to increase 

solubility of the insulin-azide by adding DMF to the reaction mixture and thus 

tried Meldal conditions using DMF along with THF in the ratio of 1:1. However, 

this condition did not improve the reaction of insulin-azide on the solid matrix.  
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Figure 152. Synthetic scheme of insulin photoactivated depot. Final Cu (I) based 
click chemistry remained the key problem in the overall synthetic approach. 
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Optimization of click chemistry using solution phase reaction of insulin azide 

 In addition, we tried to perform the reaction of insulin-azide and 

propargyl amine in solution phase using modified Meldal conditions and we 

observed some signs of reaction forming insulin-triazole in 16 h, which increased 

when analyzed after 41 h. However, the product disappeared when reaction was 

allowed to continue for 112 h, as analyzed by ESI-MS. However, the yield of 

reaction was very low even in the solution phase. Furthermore, Sharpless and 

Tate conditions yield any product even in the solution phase. We tried to 

improve the reaction by changing solvent, concentration of reactants, reducing 

agent and time of reaction. However, we could not improve the yield of reaction. 

 

Figure 153. Optimization of click chemistry by reacting insulin-azide with 
propargyl amine in solution phase. 
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Figure 154. ESI-MS analysis of CuAAC reaction of insulin azide with propargyl 
amine in solution phase using Medal conditions for extended period of reaction 
41 h as described in the text. 

 

Optimization of click chemistry using solid phase reaction of a model azide 

 To test further whether click chemistry is an issue or insulin azide or 

solid-matrix alkyne, we performed test reaction of a model azide-containing 

compound DMNPE-azide ketone on the solid-matrix containing alkyne. We 

monitored the loss of reactant from the supernatant using HPLC. In addition, 

after the reaction we cleaved the product from the resin using 95% TFA and 

characterized the product using HPLC and MS analysis. We found that Meldal 

conditions worked best for the reaction yielding the desired DMNPE-triazole 

product. However, when we applied same conditions with insulin-azide on solid 

phase, we could not obtain the product. 
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Figure 155. Optimization of coupling conditions and click reaction using 
carboxylic acid based CM-Sepharose resin.  

 

 

 
Figure 156. Optimization results of different coupling conditions, using 
Sepharose and PEG-Glutaric (ChemMatrix) resin. Product could not be cleaved 
from Sepharose resin hence the loss of DMNPE-azide ketone from the 
supernatant during reaction was monitored by HPLC at 346 nm for possible click 
reaction. For PEG based ChemMatrix resin yield was also determined after 120 h 
by the cleavage of product by measuring absorbance using UV-visible 
spectroscopy and it was found to be around 18.2%. 
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Figure 157. Optimization of coupling reactions and click chemistry reaction on 
solid phase, using DMNPE-azide ketone as a model azide. For optimization of 
coupling efficiency crosslinked PEG-based ChemMatrix resin containing amino 
functionalities were used. Meldal conditions were found to be better than 
Sharpless or Tate conditions. 

 

 We hypothesized that inefficiency of the reaction could be due to 

inefficiency of coupling reaction. Therefore we tested coupling efficiency, 

combined with click chemistry in a single experiment using the PEG based 

ChemMatrix amino resin. We first coupled the resin with glutaric anhydride to 
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introduce acid groups on the resin and then performed coupling of propargyl 

amine using multiple coupling reagents. We also tested if the presence or 

absence of coupling reagents during propargyl amine coupling affects the yield. 

Therefore after activation of acid groups on the resin using coupling reagents we 

either removed the coupling reagent and then washed the resin with DMF or left 

the resin unwashed before adding propargyl amine. Finally Meldal conditions as 

described in the Figure 170 were used as click reaction conditions for all the 

conditions. We monitored the loss of reactant from supernatant using HPLC as 

discussed earlier. 

 
 

Figure 158. Optimization results of different coupling conditions using PEG-
Glutaric acid (ChemMatrix) resin. Loss of DMNPE-azide ketone from the 
supernatant during reaction was monitored by HPLC at 346 nm for possible click 
reaction.  

 

Optimization of click chemistry by using both acid and base 

 Although click chemistry worked for DMNPE-azide ketone on the solid 

phase, when insulin azide was reacted with the resin, no product was seen. As 

discussed earlier insulin-azide possesses very low aqueous solubility in 

DIEA/DIEA and precipitates even at 0.5 mM concentration. However, its 
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solubility in acidic aqueous solution, DMF (~80 mM) and DMSO (~80 mM) is 

very high. Therefore explored literature for possibilities of click chemistry in 

acidic conditions. Based on the proposed reaction mechanism of CuAAC by 

Sharpless, Hu and coworkers proposed that carboxylic acid or combination of 

acid/base can promote the rate of click chemistry reactions.[160, 171-173]   

 

Figure 159. Proposed three-step reaction mechanism of CuAAC [160]. Image 
taken from the literature [172]. 

 

 Since click chemistry has been shown to work in acidic conditions, we 

performed reaction of DMNPE-azide ketone with propargyl modified Rink 

amide ChemMatrix glutaric resin in presence of CuI with the varying ratios of 

DIEA and acetic acid (AcOH) in DMF. No precipitation was observed in any 

condition and the reaction was analyzed by monitoring supernatant using HPLC 

and also after cleavage of resin. Final DMNPE-triazole product was obtained 

with 80% purity. Same conditions were used for the reaction of insulin-azide 

using CuI, DIEA and DMF but no reaction was observed, although reactants 

were soluble.  
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 Since insulin is known to bind to Zn++ and other divalent metal ions to 

form hexamers, we hypothesized that insulin might also have an affinity towards 

to Cu+/Cu++ and therefore Cu (I) might not be available for catalysis. Therefore 

we tested the reaction using different ratio of copper iodide to insulin azide in 

DIEA/AcOH. However, no signs of reaction were observed using these 

conditions questioning our initial hypothesis. It is possible that if insulin binds to 

copper ions to form multimeric insulin or microcrystals of insulin in the given 

solvent system the reaction on to the resin can be affected by sterics or solubility 

issues. Furthermore, to check the effect of solvent we also used DMSO as a 

solvent for the reaction. However, we could not achieve the final reaction. We 

also tried acidic Sharpless conditions for insulin azide with copper (II) sulfate, 

DIEA, AcOH and using either TCEP or ascorbic acid as a reducing agent in 1:1 

DMSO:water. However, we could not see signs of reaction. Although several 

attempts were made to achieve CuAAC for clicking of insulin-azide to terminal 

alkyne containing solid support, further studies are required to understand the 

issue with the chemistry and approaches to resolve it. We recently confirmed 

that that insulin binds to copper (II) from the crystal structure (PDB ID: 3IR0) 

[174]. 
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Figure 160. Insulin binds to Cu+2 ions and exists as dimer in the crystal structure. 
Two insulin molecules (orange and yellow) bind with two Cu+2 ions (magenta) 
and are surrounded by two water molecules (red). Image generated from PDB 
ID: 3IR0 using Chimera® software. 

 

Synthesis of final construct using copper-free click chemistry 

Since we had already synthesized and characterized insulin-azide 

following multiple steps, we can easily modify resin with desired strained alkyne 

for applying click chemistry. As discussed earlier, successful synthesis of insulin 

azide rather than insulin alkyne provided us multiple choices of selecting a range 

of alkynes for coupling onto resin and finally for the optimization of click 

chemistry.  Since we could not yield product using copper based click chemistry, 

possibly due to binding affinity of insulin towards copper or unknown 
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mechanisms, we planned to adopt copper free click chemistry for our final 

construct. 

Copper free click chemistry 

Strained cyclooctyne reacts with azides to yield [3+2] cycloaddition 

product in the absence of any catalyst [175]. This is due to enormous bond 

deformation of alkyne in cyclooctyne, which accounts for about 18 Kcal of ring 

strain energy [176]. Bertozzi and coworkers have recently developed copper-free 

click chemistry by reacting cyclooctyne derivatives with alkynes, which works 

with biological system in the absence of cytotoxic copper [177]. Copper-free click 

chemistry has been widely used and applied as a bio-orthogonal chemistry for 

biological systems including live cells and animals [178-183]. Several variants of 

cyclooctyne have been developed to improve the rate and yield of reaction, to 

increase solubility of reagent and for applying into living organisms [184, 185].  

We applied this approach by first modifying the ChemMatrix and 

Spheritide resin using an acid derivative of biarylcyclooctyne (DBCO acid) as 

shown in the Figure 173 and then performed copper free click chemistry using 

insulin azide [184, 186]. 

 

Figure 161. Copper-free click chemistry based on strained alkyne and azide. 
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 We monitored the loss of DBCO acid from the supernatant during 

reaction by using HPLC and also performed cleavage of DBCO-modified resin 

using 95% TFA to yield DBCO-amide and found that ChemMatrix resin was 

better than Spheritide resin for coupling of DBCO acid and after TFA cleavage of 

the resin, we observed different UV and HPLC spectra of the DBCO-amide 

product from ChemMatrix and Spheritide, suggesting binding of DBCO acid 

onto Spheritide resin.  

Table 5. Reaction conditions used for reaction of DBCO-acid on two different 
resins 

 
 

Table 6. Reaction conditions used for the reaction of mixture of insulin/insulin 
azide and purified DMNPE-azide ketone on two different resins modified with 
DBCO-amide. 

 

 

SpheriTide 
crosslinked 

Polylysine-resin

ChemMatrix 
crosslinked 
PEG-resin

Amine groups (resin) 192 mM 139 mM
DBCO acid 150 mM 150 mM

HATU 150 mM 150 mM
DIEA 300 mM 300 mM 

Solvent DMF DMF
Time 24 h 24 h 

% Reaction <20% >95%
Issues Binding of DBCO 

acid observed
None
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Figure 162. HPLC chromatogram and UV-visible analysis of insulin triazole 
cleaved from the SpheriTide resin. We also observed uncaged insulin along with 
insulin triazole suggesting non-specific adsorption of insulin on these resins. 
Represented overlaid HPLC chromatogram monitored at 280 nm (blue) and 345 
nm (red). 

 

 

 
 
Figure 163. ESI-MS analysis of insulin mono-triazole cleaved from the SpheriTide 
resin. Besides triazole we also found unmodified insulin, release of adsorbed 
insulin after photolysis. 
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Figure 164. HPLC chromatogram and UV-visible analysis of insulin triazole 
cleaved from the ChemMatrix resin. Represented overlaid HPLC chromatogram 
monitored at 280 nm (blue) and 345 nm (red). 

 

 
 
Figure 165. ESI-MS analysis of insulin triazole cleaved from the ChemMatrix 
resin 
 

Furthermore, similar results were obtained for the final copper-free click 

reaction of insulin-azide onto alkyne-modified resin, as monitored by HPLC. We 

also included DMNPE-azide ketone as a model compound for the reaction. 
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ChemMatrix resin yielded better results than SpheriTide resin providing pure 

insulin-triazole product after cleavage of resin using 95% TFA/water and 

analyzed by HPLC and MS. However, SpheriTide resin showed signs of 

unmodified insulin that was bound to the resin during reaction and was released 

after treatment with acid. Photolysis of SpheriTide and ChemMatrix resin 

yielded native insulin, which were characterized by HPLC and ESI-MS. 

However, yield of insulin was higher for ChemMatrix resin and therefore we 

proceeded with ChemMatrix resin for step-wise photolysis experiment. 

 

 

 
Figure 166. HPLC analysis of photolyzed Spheritide resin. Top pane represents 
chromatogram at 280 nm and bottom pane at 345 nm. Insulin was released but 
another peak was also observed with high absorbance at 345 nm. We 
hypothesize that this peak might be due to photolabile groups cleaved from the 
adsorbed insulin azide or insulin triazole. 
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Figure 167. ESI-MS infusion analysis of the insulin obtained from the photolysis 
of the final construct on SpheriTide resin in water. 

 

 

Figure 168. HPLC analysis of photolyzed ChemMatrix resin. Top pane represents 
chromatogram at 280 nm and bottom pane at 345 nm.  
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Figure 169. ESI-MS infusion analysis of the insulin obtained from the photolysis 
of the final construct on ChemMatrix resin in water. 

 

 

Figure 170. Energy minimized structure of a possible insulin triazole adduct, 
cleaved from the resin. Using Spartan®, photolabile triazole (red) was drawn 
with crystal structure of human insulin (white), PDB entry 1TRZ linking at one of 
the carboxylic acid groups. 
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Figure 171. Synthetic and analysis scheme of insulin photoactivated depot using 
copper free click chemistry approach. 
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Figure 172. Synthesis of insulin photoactivated depot and its ESI-MS 
characterization after TFA cleavage or photolysis. 

 

Although native insulin was obtained using light, there were several 

questions associated with the depot. Some of these concerns would be if this 

depot releases insulin independent of light and furthermore if this depot can be 

irradiated multiple times to release insulin and also if resin itself can cause 

problems during release of insulin. To test these questions, we designed and 

performed an experiment, in which insulin photoactivated depot was 

photolyzed in a pulsatile on/off manner using UV-LED as described in the 

methods and materials section. Results indicate that insulin was released only 

when it was illuminated with light. Furthermore no insulin was released in dark 

or in the control, where insulin was not covalently coupled to the resin but rather 

treated with resin and washed off.  
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Typically, diabetics require insulin on the order of 1 mg per day 

accounting for approximately 1 µL volume. We found the amount of insulin 

released from the depot would be enough for at least 12.5 days, in a typical 

injection of 250 µL, using 20:1 ratio of matrix to insulin. In another experiment, 

we have also successfully increased the loading density by two-fold by coupling 

insulin onto resin at the ratio of 10:1 matrix to insulin. We characterized the 

loading of insulin azide by monitoring supernatant using HPLC analysis and the 

results suggest that the same 250 µL may last for up to 25 days.   

An approach to increase the density of insulin onto resin 

One of the approaches to increase density on the resin is to take highly 

modified polymer containing amino groups in high density. To increase the 

loading density and to decrease frequency of injection, we tried another 

approach of using poly (L-lysine hydrobromide) (Alamanda Polymers) 

containing 250 units of lysine and tried to attach DBCO acid in solution phase 

using coupling chemistry. However, we faced several challenges during 

purification and characterization of the product. We also tried attachment of 

insulin mono-azide onto DBCO modified with polylysine and eventually 

photolysis of resin in water. However, we observed a color change of resin when 

treated with insulin azide compared to insulin treated resin. Despite the color 

change, we neither observed loss of insulin azide in the supernatant nor 

observed native insulin after photolysis of resin in water after 

ultracentrifugation, monitored by HPLC suggesting poor reaction. We found 

multiple peaks around 15 minutes in the HPLC chromatogram where insulin 

elutes suggesting modified resin was also soluble in the water. Furthermore, we 
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tried to characterize the particle size of insoluble DBCO modified polylysine-250 

and solubilized insulin modified polylysine-250 along with unmodified 

polylysine-250 polymer and insulin as standards by using particle size analyzer 

(Zetasizer Nano ZS, Malvern). However we faced technical challenges in 

correctly determining the particle size of the polymer with high variability in the 

data and poor reproducibility for modified polymeric systems. We found a very 

wide range of particle sizes ranging from nm to mm ranges and could not 

confirm the correct size.  

Since several challenges were faced during purification and reaction in 

solution phase we tried to perform same approach on solid phase. This was 

designed and performed by attaching polylysine-250 onto a ChemMatrix resin 

by partially coupling it onto resin, leaving behind majority of free amino groups, 

followed by attachment of DBCO attachment and finally insulin-azide 

attachment. However we could not attain reaction of insulin-azide onto resin or 

yield native insulin after photolysis of resin ChemMatrix resin. Furthermore, we 

cleaved the insoluble modified polylysine-250 resin from the Rink amide 

containing ChemMatrix resin and performed the photolysis of this insoluble 

material followed by HPLC analysis. However, we could not obtain native 

insulin from the resin. We have proposed several alternatives to solve or avoid 

the problems during analysis of the reaction and characterization of the final 

material. These will be discussed later in greater detail. 
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Figure 173. Photorelease results of insulin photoactivated depot using UV-LED 
with alternate light and dark periods (Top). Same experimental results plotted 
for the total time of irradiation eliminating dark periods (bottom). 
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Figure 174. Standard curve of insulin generated by injecting different volumes of 
insulin from stock solution (89.7 µM, H2O) into HPLC. Peak area vs. amount of 
injected insulin plotted in the graph shows a linear curve fit in the given ranges. 

 

Materials and methods 

Materials 

Acetovanillone, t-Butyl bromoacetate, nitric acid, 11-azido-3,6,9-

trioxaundecan-1-amine, magnesium sulfate, hydrazine, manganese dioxide, 

molecular sieves, HATU and human recombinant insulin were purchased from 

Sigma Aldrich. DMSO and DMF were stored over molecular sieves containing 

glass vial and used as stated. DMF, DMSO, DCM, acetonitrile, methanol, ethanol, 

ethyl acetate, sodium chloride, potassium carbonate, trifluoroacetic acid, acetic 

anhydride, 1 N HCl, diethyl ether, sodium bicarbonate and Celite® 545 were 

purchased from Fisher Scientific. DBCO acid (Click Chemistry Tools), 

hydroxybenzotriazole hydrate (Peptide International), 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (Calbiochem),  ChemMatrix 
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resin (Biotage), Centrifugal filter Biomax 5K NMWL membrane (Millipore), Flat 

bottom glass vial insert 100 µL, diameter 3.4 mm (inner), 4.5 mm (outer), height 

30.5 mm  (Agilent, 5183-2090), black clear bottom 96-well plate (Corning).  

Thin layer chromatography (TLC) was performed using a Whatman 250 

µm silica gel on aluminum backing of appropriate size (approx. 3cmx7cm) and 

visualized fluorescence at 254 nm using a 14 watts Mineralight UVG-11 lamp. 

High field NMR was performed for 1H (400 MHz) or 13C (100 MHz) in d6-DMSO 

(99.9% atom D) containing 0.03%-1% v/v TMS using a Varian Inova 400 MHz 

NMR. UV-visible analysis was performed using a USB-2000 fiber optic 

spectrometer (Ocean Optics, Inc.) with DT-Mini-B lamp source. HPLC analysis 

was performed using a modular Hewlett Packard Agilent 1050 series with 

attached vacuum degasser, auto sampler and diode array detector. C8 or 

C18 Hypersil (5 µm, 100 × 4.6 mm, Varian) columns were used as stated in the 

method. HPLC solvents were degassed before acidification. HPLC-MS was 

performed using a modular Agilent 1100 series with DAD G1315B coupled with 

a Linear ion Trap Quadrupole LC/MS/MS mass spectrometer (ABI) in a positive 

ion mode. ESI-MS of small molecules was performed using the same Q-Trap 

mass spectrometer instrument in infusion mode. ESI-MS for insulin containing 

molecules was performed using a different 3200 Q-Trap mass spectrometer 

(ABI). The detailed procedure is discussed later. 

General mass spectrometry method for analysis of insulin and modified-insulin 

Electrospray ionization mass spectrometry was performed for all insulin 

containing species as follows. Insulin or modified insulin (200 pmols to 1 nmol) 

in RNase free water (99 µL) was treated with 1 µL of 1 N HCl so that the final 
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sample was in 0.01 N HCl. This sample was then infused and analyzed using a 

3200 Q-Trap mass spectrometer (ABI) operated in the positive ion mode with 

enhanced multi-charge (EMC) scan type. Bayesian protein reconstruct software 

was then used to deconvolute multiple charged peaks to generate higher 

molecular weight mass range (2000-10000 amu). 

Synthesis  

DMNPE-acid, DMNPE-azide ketone, DMNPE-azide hydrazone, DMNPE-

azide diazo, insulin azides, alkyne resin and final clicked product 

DMNPE-acid or (4-Acetyl-2-methoxy-5-nitro-phenoxy)-acetic acid 

DMNPE-acid was synthesized in two steps by following the literature 

[116]. 

DMNPE-azide ketone or 2-(4-Acetyl-2-methoxy-5-nitro-phenoxy)-N-(2-(2-[2-(2-

azido-ethoxy)-ethoxy]-ethoxy)-ethyl)-acetamide 

 

 

DMNPE-acid (50.2 mg, 187 µmol, prepared as by Holmes et al. 1997), 11-

azido-3,6,9-trioxaundecan-1-amine (azide amine, 37.7 µL, 190 µmol) and 

hydroxybenzotriazole hydrate (56.6 mg, 370 µmol) were dissolved in 675 µL of 

dimethylformamide (DMF). To this solution, 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (61.34 mg, 320 µmol) was 



  220 

added and then the combined solution was shaken for 23 h. The product was 

purified by partitioning the reaction mixture between ethyl acetate (25 mL) and 

saturated sodium chloride (25 mL). The ethyl acetate layer was washed twice 

with saturated sodium chloride solution and the combined aqueous layers were 

washed once with ethyl acetate. The combined organic layers were washed with 

1 N HCl, and saturated sodium bicarbonate solution. The organic layer was then 

dried with magnesium sulfate and evaporated to yield a viscous yellow residue. 

Yield 87.0 mg (99.4%), TLC (EtOAc/MeOH, 75:25 v/v): Rf = 0.56; 1H NMR (400 

MHz, DMSO-d6): δ 8.13 ppm (t, J = 11.2 Hz, 1H), 7.61 (s, 1H), 7.26 (s, 1H), 4.69 (s, 

2H), 3.96 (s, 3H), 3.59 (t, J = 9.6 Hz, 2H), 3.56−3.50 (m, 6H), 3.45 (t, J = 11.6 Hz, 

2H), 3.38 (t, J = 10.0 Hz, 2H), 3.29 (m, 2H), 2.53 (s, 3H), 2.50 (s, 2H); 13C NMR (100 

MHz, DMSO-d6): δ 199.3, 166.7, 153.5, 147.6, 137.7, 132.2, 109.9, 109.0, 69.7, 69.6, 

69.5, 69.1, 68.8, 67.7, 56.6, 49.8, 38.3, 30.0;  UV/vis (DMSO): λmax (ελ): 262 nm 

(8037 M−1 cm−1), 343 nm (4500 M−1 cm−1); MS (m/z): [MH]+ calcd for C19H27N5O9, 

470.2; found, 470.3; Reversed phase HPLC−MS (flow rate 0.4 mL/min, runtime 

30 minutes, injection volume 25 µL) solvent A (0.1% formic acid in H2O), solvent 

B (0.1% formic acid in acetonitrile (ACN)), gradient 0% B to 50% B over 5 

minutes, gradient 50% B to 100% B over 22 minutes, isocratic 100% B for 2 

minutes, 100% B to 0% B over 1 minute, C8 Hypersil column (5 µm, 100 × 4.6 mm, 

Varian): retention time (min) 13.95; ESI−MS (m/z): [MH]+ calcd for C19H27N5O9, 

470.2; found, 470.1; Reversed phase HPLC (flow rate 1 mL/min, runtime 30 

minutes, injection volume 25 µL) solvent A (0.1% TFA in H2O), solvent B (0.1% 

TFA in acetonitrile (ACN)), gradient 0% B to 100% B over 20 minutes, isocratic 
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100% B for 7 minutes, 100% B to 0% B over 1 minute, isocratic 0% B for 2 minutes, 

C8 Hypersil column (5 µm, 100 × 4.6 mm, Varian): retention time (min) 13.2. 

 
Figure 175. UV-visible absorbance spectrum of product DMNPE-azide ketone in 
DMSO 

 

 
Figure 176. HPLC chromatogram of product DMNPE-azide ketone represented 
as an overlay of chromatograms at 280 nm (blue) and 345 nm (red). 
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Figure 177.HPLC-MS of product DMNPE-azide ketone represented four panes in 
the following order from top to bottom: Total ion chromatogram (TIC), extracted 
ion chromatogram (XIC) between 470.0 to 471.0 amu, enhanced multiple charge 
(EMC) of 18.87 min peak and extracted wavelength chromatogram (XWC) at 345 
nm. 

 

 

 
Figure 178. 1H NMR (400 MHz, d6-DMSO) spectrum of DMNPE-azide ketone 
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Figure 179. 13C NMR (100 MHz, d6-DMSO) spectrum of DMNPE-azide ketone 

 

DMNPE-azide hydrazone or N-(2-(2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy)-ethyl)-

2-[4-(1-hydrazono-ethyl)-2-methoxy-5-nitro-phenoxy]-acetamide 

 

 

DMNPE-azide ketone (29.8 mg, 63 µmol) was dissolved in 2.4 mL of a 1:1 

mixture of acetonitrile and ethanol. Hydrazine monohydrate (40.6 µL, 839 µmol) 

and glacial acetic acid (20.3 µL, 355 µmol) were added to the solution and the 

mixture was heated for 5 h at 90 °C in a glass reaction vial. The resulting yellow 

oily solution was evaporated to dryness, dissolved in dichloromethane (DCM; 2 

mL) and then purified using silica gel flash column chromatography with 5%-

10% methanol in DCM. Fractions were collected, dried, and analyzed by LC−MS. 

Appropriate fractions were combined and used for the next reaction. The crude 
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contained a mixture of 2 isomers, E and Z.  Yield 32.4 mg (98.2% yield), TLC 

(EtOAc/MeOH, 75:25 v/v): Rf = 0.35 & 0.46; 1H NMR (400 MHz, DMSO-d6, E or 

Z isomers); isomer 1 [δ 8.08 ppm (t, J = 10.8 Hz, 1H), 7.46 (s, 1H), 7.00 (s, 1H), 6.42 

(s, 2H), 4.62 (s, 2H), 3.92 (s, 3H), 3.59 (t, J = 9.6 Hz, 2H), 3.56−3.50 (m, 8H), 3.46 (t, 

J = 11.2 Hz, 2H), 3.31 (t, J = 11.6 Hz, 2H), 3.39 (s, 3H), 1.93 (s, 2H)]; isomer 2 [δ 

8.13 ppm (t, J = 11.2 Hz, 1H), 7.71 (s, 1H), 7.25 (s, 1H), 6.71 (s, 2H), 4.56 (s, 2H), 

3.87 (s, 3H), 3.59 (t, J = 9.6 Hz, 2H), 3.56−3.50 (m, 8H), 3.46 (t, J = 11.2 Hz, 2H), 

3.31 (t, J = 11.6 Hz, 2H), 3.39 (s, 3H), 2.08 (s, 2H)];13C NMR (100 MHz, DMSO-d6): 

only isomer 1 peaks visible δ 167.1, 152.3, 145.7, 140.4, 139.9, 131.5, 112.2, 109.6, 

69.8, 69.7, 69.6, 69.5, 69.2, 68.8, 56.2, 49.9, 39.0, 15.0; UV/vis (DMSO): λmax (ελ): 263 

nm (7323 M−1 cm−1), 346 nm (4470 M−1 cm−1); Reversed phase HPLC−MS (flow 

rate 0.4 mL/min, runtime 30 minutes, injection volume 25 µL) solvent A (0.1% 

formic acid in H2O), solvent B (0.1% formic acid in acetonitrile (ACN)), gradient 

0% B to 50% B over 5 minutes, gradient 50% B to 100% B over 22 minutes, 

isocratic 100% B for 2 minutes, 100% B to 0% B over 1 minute, C8 Hypersil 

column (5 µm, 100 × 4.6 mm, Varian): retention time (min) 14.06, 14.85; ESI−MS 

(m/z): [MH]+ calcd for C19H29N7O8, 484.2; found, 484.1, 484.2. Reversed phase 

HPLC (Performed using above conditions): retention time (min) 12.9, 13.6. 
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Figure 180. UV-visible absorbance spectrum of product DMNPE-azide 
hydrazone in DMSO 

 

 
 
Figure 181. HPLC chromatogram of product DMNPE-azide hydrazone 
represented as an overlay of chromatograms at 280 nm (blue) and 345 nm (red). 
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Figure 182. HPLC-MS of product DMNPE-azide hydrazone, represented four 
panes in the following order from top to bottom: Total ion chromatogram (TIC), 
extracted ion chromatogram (XIC) between 484.0 to 485.0 amu, enhanced 
multiple charge (EMC) of 15.01 min and 14.15 min peak (expected as E/Z 
isomers) and extracted wavelength chromatogram (XWC) at 345 nm. 

 

 

 
Figure 183. 1H NMR (400 MHz, d6-DMSO) spectrum of DMNPE-azide hydrazone 

 



  227 

 
Figure 184. 13C NMR (100 MHz, d6-DMSO) spectrum of DMNPE-azide 
hydrazone 

 

DMNPE-azide diazo or N-(2-(2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy)-ethyl)-2-[4-

(1-diazo-ethyl)-2-methoxy-5-nitro-phenoxy]-acetamide 

 

Manganese (IV) oxide (20 mg, 230 µmol) was added to a solution of 

DMNPE-azide hydrazone (4 mg, 8.28 µmol) in 50 µL of anhydrous dimethyl 

sulfoxide.  This mixture was shaken gently for 45 min. keeping it protected from 

light. The red-black mixture was centrifuged and the supernatant was filtered 

through Celite® 545 using glass-wool/glass-pipette. This Celite® pad was washed 

with 150 µL of dimethyl sulfoxide. Compound 5 was freshly prepared each time 

to cage insulin in desired amount (described later). Compound 5 was not isolated 
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or further characterized, beyond its UV-visible spectrum. UV/vis (DMSO): λmax : 

283 nm, 440 nm (Figure 201). 

 
 
Figure 185. UV-visible absorbance spectrum of product DMNPE-azide diazo in 
DMSO 

 

Purified insulin mono- and di-azide preparation for photo-kinetic studies 

 

Insulin mono-azide 

 

Insulin di-azide 

 

Freshly prepared compound 5 (470 µg, 972 nmol) in DMSO (143 µL) was 

added to a solution of human recombinant insulin (2.8 mg, 486 nmol) in DMSO 

(100 µL). The mixture was gently shaken for 21 h, protected from light. The 
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mixture was freeze-dried and reconstituted in 0.01 N HCl (200 µL).  The sample 

was then filtered and washed twice with 0.01 N HCl (400 µL) using a spin filter 

(Biomax 5K NMWL membrane centrifugal filter), following manufacturer’s 

protocol.  This was to remove excess reagents, while retaining the insulin 

products.   

The caged insulin was recovered (2.7 mg, 95% recovery) from the filter in 

0.01 N HCl (400 µL), freeze-dried and reconstituted in DMSO (50 µL). Insulin, 

insulin mono-azide and insulin di-azide were purified using reversed phase 

HPLC.  Reversed phase HPLC (flow rate 1 mL/min, runtime 30 minutes with 5 

minutes post-run, injection volume 45 µL) solvent A (0.1% TFA in H2O), solvent 

B (0.1% TFA in acetonitrile (ACN)), gradient 0% B to 100% B over 29 minutes, 

100% B to 0% B over 1 minute, post-run 0% B for 5 minutes, C18 Hypersil column 

(5 µm, 100 × 4.6 mm, Varian) retention time (min), relative yield (%), purity (%); 

insulin (15.4 min, 58%, unknown) insulin mono-azide (15.9 min, 32%, a mixture 

of insulin mono-azide (97.6%) and insulin (2.4%)); insulin di-azide (16.4 min, 9%, 

a mixture of insulin di-azide (82.8%) and insulin mono-azide (17.2%)); higher-

modified insulin (17.1 min, 1%, unknown). Samples were freeze-dried and 

reconstituted in RNase free water as needed. The identity of each peak was 

determined using direct infusion ESI-MS in 0.01 N HCl (100 µL). ESI−MS (m/z): 

[M]+ calcd for insulin, 5808; found, 5809; [M]+ calcd for insulin, insulin mono-

azide, 6261; found, 6263; [M]+ calcd for insulin di-azide, 6714; found, 6716; 

UV/vis (insulin, water): λmax (ελ): 276 nm (5808 M−1 cm−1), UV/vis (insulin, H2O): 

λmax: 276 nm; UV/vis (insulin mono-azide, H2O): λmax: 276 nm,  333 nm; UV/vis 

(insulin di-azide, H2O): λmax: 276 nm,  333 nm; Extinction coefficient calculated 
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(ε280 nm): insulin (5128 M−1 cm−1), mono-azide (8400 M−1 cm−1), di-azide (11672 

M−1 cm−1). 

 

Figure 186. UV-visible absorbance spectrum of human recombinant insulin, 
insulin mono-azide and insulin di-azide (top, middle and bottom panes 
respectively) in RNase free water 



  231 

Insulin mono- and di-azide preparation for resin coupling 

Freshly prepared DMNPE-azide diazo (2.3 mg, 4.8 µmol) in DMSO (800 

µL) was added to a solution of human recombinant insulin (27.6 mg, 4.8 µmol) in 

DMSO (800 µL). The mixture was gently shaken for 24 h, protected from light. 

The mixture was freeze-dried and reconstituted in 0.01 N HCl (200 µL).   

The sample was then filtered and washed twice with 0.01 N HCl (400 µL) 

using a spin filter (Biomax 5K NMWL membrane centrifugal filter), following 

manufacturer’s protocol.  This was to remove excess reagents, while retaining the 

insulin products.   

The caged insulin was recovered (23.7 mg, 83% recovery) from the filter in 

0.01 N HCl (800 µL), freeze-dried and reconstituted in DMSO (50 µL).  Insulin, 

insulin mono-azide and insulin di-azide were analyzed (not purified) using 

reversed phase HPLC.  Reversed phase HPLC (flow rate 1 mL/min, runtime 30 

minutes with 5 minutes post-run, injection volume 45 µL) solvent A (0.1% TFA in 

H2O), solvent B (0.1% TFA in acetonitrile (ACN)), gradient 0% B to 100% B over 

29 minutes, 100% B to 0% B over 1 minute, post-run 0% B for 5 minutes, 

C18 Hypersil column (5 µm, 100 × 4.6 mm, Varian): retention time (min), relative 

yield (%); insulin (15.4 min, 75%) mono-modified insulin (15.9 min, 23%); di-

modified insulin (16.4 min, 2%). Samples were freeze-dried and reconstituted in 

DMSO as desired for further reaction. Crude insulin-azide mixture was further 

analyzed using direct infusion ESI-MS in 0.01 N HCl (100 µL). 



  232 

DBCO acid conjugated alkyne resin  

 

ChemMatrix Rink amide resin (10.0 mg, 5.2 µmols of amino groups) was 

washed twice with DMF (500 µL). A solution of DBCO acid (2 mg, 6 µmols, 150 

mM), HATU (2.3 mg, 6 µmols, 150 mM) and N,N-diisopropylethylamine (2.09 

µL, 12 µmols, 300 mM) in DMF (34 µL) was shaken for 15 min. This activated 

solution was added to the washed resin and was gently stirred for 22 h. The resin 

was washed multiple times with DMF and DMSO. Due to conjugation of DBCO 

acid on the resin, total weight of the resin increased by about 16%. We tested the 

attachment of DBCO acid on the resin was tested by cleaving a small amount of 

the resin (0.5 mg). This resin was washed several times with DMF, methanol and 

ether, dried under vacuum and then treated with 95% TFA/H2O (500 µL) for 2 h. 

The cleaved product DBCO amide was recovered by removing TFA under 

vacuum and reconstituted in DMSO (100 µL). This product was analyzed by 

reversed phase HPLC using above mentioned conditions (see synthesis of insulin 

azides); retention time (min) 18.0. ESI-MS was performed by direct infusion of 

product in 10% DMSO in water. Reversed phase HPLC−MS (flow rate 

0.4 mL/min, runtime 30 minutes, injection volume 25 µL) solvent A (0.1% formic 

acid in H2O), solvent B (0.1% formic acid in acetonitrile (ACN)), gradient 0% B to 

100% B over 17 minutes, isocratic 100% B for 10 minutes, 100% B to 0% B over 1 

minute, isocratic 100% B for 2 minutes, C8 Hypersil column (5 µm, 100 × 4.6 mm, 

Varian): retention time (min) 16.75; ESI−MS (m/z): [M]- calcd for C19H27N5O9, 
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332.4; found, 332.8; Reversed phase HPLC (flow rate 1 mL/min, runtime 30 

minutes with 5 minutes post-run, injection volume 45 µL) solvent A (0.1% TFA in 

H2O), solvent B (0.1% TFA in acetonitrile (ACN)), gradient 0% B to 100% B over 

29 minutes, 100% B to 0% B over 1 minute, post-run 0% B for 5 minutes, 

C8 Hypersil column (5 µm, 100 × 4.6 mm, Varian): retention time (min) 18.0. 

 
 
Figure 187. UV-visible absorbance spectrum of product obtained from cleavage 
of DBCO conjugated alkyne resin using 95% TFA/water for 2 h. Supernatant was 
removed from the resin, dried and then reconstituted in DMSO for analysis.  

 

 
 
Figure 188. HPLC chromatogram of DBCO acid (from Click Chemistry Tools) 
represented as an overlay of chromatograms at 280 nm (blue) and 345 nm (red). 
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Figure 189. HPLC-MS of product (DBCO amide) from the cleavage of alkyne-
resin, represented four panes in the following order from top to bottom: Total ion 
chromatogram (TIC), extracted ion chromatogram (XIC) between 332.0 to 333.0 
amu, enhanced multiple charge (EMC) of 16.75 min peak and extracted 
wavelength chromatogram (XWC) at 345 nm. 

 

Insulin conjugated resin (using copper-free click chemistry) 

Spin filtered and freeze dried insulin-azide crude (2.7 mg, 454 nmol, a 

mixture of insulin (75%), insulin mono-azide (23%) and insulin di-azide (2%), see 

Supplementary Information) was dissolved in DMSO to make a final volume of 

15 µL. This solution was added to the pre-swollen and DMSO-washed DBCO 

conjugated resin (3.0 mg, approx 1.2 µmols alkyne, see Supplementary 

Information).  The mixture was stirred for 33 h at 37 °C protected from light. 

After the reaction, 1 µL of the supernatant was removed for analysis. This sample 

was diluted to 50 µL using DMSO and then 45 µL of this sample was analyzed by 

HPLC. Insulin-azide was quantitatively consumed during this reaction. After the 

reaction, the resin was washed several times with DMSO and methanol.  
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Figure 190. HPLC chromatogram of the mixture of insulin, insulin-mono azide 
with traces of insulin di-azide used for the synthesis of final insulin 
photoactivated depot before the reaction (top pane) and analysis of the 
supernatant after 33 h of reaction (bottom pane). Overlay of chromatograms at 
280 nm (blue) and 345 nm (red) are represented. Chromatogram indicates that 
insulin-mono azide and insulin di-azide were quantitatively consumed during 
the reaction and hence only unmodified insulin is remaining. 

 

A portion of the resin (2.0 mg, 63 nmol insulin) was washed several times 

with RNase free water and suspended in 100 µL of RNase free water in a flat-

bottom glass tube. A 200 mW Nichia 365 nm LED was used to irradiate the 

sample for one hour. The supernatant was collected after shaking and 
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centrifuging the mixture. An additional portion of the resin (1.7 mg, 50 nmols 

insulin) was washed with ether, dried under vacuum and then treated with 95% 

TFA (500 µL) for 2 hours. The cleaved insulin-triazole product was obtained by 

evaporating TFA under vacuum.   

 
Products from both photolysis and TFA cleavage were analyzed using 

following HPLC and ESI-MS conditions. HPLC:  flow rate 1.0 mL/min, runtime 

30 min, injection volume 45 µL, solvent A (water with 0.1% trifluoroacetic acid), 

solvent B (acetonitrile containing 0.1% trifluoroacetic acid), gradient 0% B to 

100% B over 29 min, 100% B to 0% B over 1 min, 5 min post run at 0% B. 

C18 Hypersil column (5 µm, 100 × 4.6 mm, Varian). ESI-MS: infusion in 0.01 N 

HCl (100 µL) with a flow rate of 15 µL/min. TFA cleavage product insulin-

triazole: UV/Vis (DMSO): λmax1 267 nm, λmax2 300 nm; Retention time (min) 

18.4 min. ESI−MS (m/z): [M]+ calcd for insulin-triazole, 6594.0; found, 6593.0. 

Photolysis product: UV/Vis (H2O): λmax 276 nm; Retention time (min) 15.9 min.  

ESI−MS (m/z): [M]+ calcd for insulin 5808.0; found, 5808.0.   

 
 
Figure 191. Chemical cleavage of insulin photoactivated depot using TFA 
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Figure 192. HPLC chromatogram of insulin released after photolysis of final 
insulin photoactivated depot (top pane) and for comparison, standard human 
recombinant insulin from Sigma Aldrich (bottom pane). Overlay of 
chromatograms at 280 nm (blue) and 345 nm (red) are represented.  
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Figure 193. UV-visible absorbance spectrum of product obtained from cleavage 
of final insulin photoactivated depot using 95% TFA/water for 2 h. Supernatant 
was removed from the resin, dried and then reconstituted in DMSO for analysis.  

 

Photokinetics studies of insulin-azides using lamp 

HPLC purified insulin mono-azide (250.2 µg, 40.0 nmol, a mixture of 

mono-azide (97.6%) and insulin (2.4%)) and insulin di-azide (150.5 µg, 22.7 nmol, 

a mixture of insulin di-azide (82.8%) and mono-azide (17.2%)) were separately 

dissolved in 150 µL of RNase free water.  These samples were then added to two 

different wells of a black 96-well plate. Using a Blak-Ray lamp (Model XX-15L, 30 

watts) source at a distance of 10 cm, the plate was irradiated from the top. At 

different time points, irradiation was stopped and 10 µL of sample was removed 

and diluted with 40 µL of RNase free water.  45 µL of this sample was analyzed 

by HPLC using above conditions. The concentration of each species was 

determined by calculating the relative peak area from the chromatogram at 280 

nm after correcting for absorbance due to photolabile group(s) at same 

wavelength. Rate constants were determined by fitting curves using the non-

linear fit option in Kaleidagraph software.  
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Figure 194. A representative HPLC chromatogram from the irradiation studies of 
insulin mono-azide (top pane) and insulin di-azide (bottom pane). Samples were 
irradiated for 10 minutes using a Blak-Ray lamp (Model XX-15L, 30 watts) as 
described earlier in the method.  Overlay of chromatograms at 280 nm (blue) and 
345 nm (red) are represented. Also the ratios of expected and observed peak 
areas at 345 nm to 280 nm are indicated. 
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Photolysis of insulin azides using LED 

HPLC purified insulin mono-azide (236.9 µg, 38.3 nmol, a mixture of 

insulin mono-azide (82.5%) and insulin (17.5%)) was dissolved in 100 µL of 

RNase free water.  These samples were then added to a flat bottom glass vial 

insert. Using a Nichia 200 mW 365 nm LED source at a distance of 0.5 mm, the 

vial was irradiated from the bottom. At different time points, irradiation was 

stopped and 5 µL of sample was removed. The sample was diluted with 40 µL of 

RNase free water and 45 µL was analyzed by HPLC using above-mentioned 

HPLC conditions for insulin or modified insulin. The concentration of each 

species was determined by calculating the relative peak area from the 

chromatogram at 280 nm after correcting for absorbance due to photolabile 

group at same wavelength. Rate constants were determined by fitting curves 

using the non-linear fit option in Kaleidagraph software. 

Photo-release studies of insulin resin using LED 

Two samples were prepared, a “test” sample and a “control” sample.  The 

test sample i-PAD was prepared by conjugating alkyne-resin (5.5 mg, modified 

with 2.2 µmols DBCO) with spin filtered and freeze-dried insulin-azide crude 

(804 nmols, 4.77 mg, a mixture of insulin (75%), insulin mono-azide (23%) and 

insulin di-azide (2%)) in a total volume of 26.5 µL of DMSO. The control sample 

was prepared in an analogous fashion, except that resin-containing DBCO was 

treated with insulin (804 nmols, 4.67 mg, 100%). Both test and control samples 

were washed several times with RNase free water and suspended in 100 µL of 
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RNase free water in a flat bottom glass vial insert. Each sample was shaken and 

centrifuged before irradiation. The glass tube was positioned directly on the 

surface of the Nichia 200 mW 365 nm LED for irradiation studies. 22.5 µL of 

samples were taken out after alternating irradiation periods and dark periods as 

described in the text. After each cycle of irradiation and dark periods and before 

the next round of irradiation, 50 µL of RNase free water was added. 

Each sample removed was diluted to 50 µL using RNase free water and 

then 45 µL of the sample was analyzed by HPLC by following the above 

described conditions. A standard curve was generated using HPLC by injecting 

variable moles of unmodified insulin and analyzing peak area from the 

chromatogram at 280 nm. The moles of insulin released due to photolysis were 

calculated using peak areas determined from HPLC using the standard curve. 

 

 



  242 

Calculation of extinction coefficients 

For insulin 

Based on the literature, insulin has an extinction coefficient of 1.0 at 276 

nm at a concentration of 1 mg/mL [187]. Based on this, molar extinction 

coefficient was calculated at 276 nm and at 280 nm. 

Molecular weight of insulin is 5808.0. Hence, molar concentration of 

insulin at 1 mg/mL is 172.18 µM. 

A= εCl 

1.0 = (ε276)(172.18 µM)(1 cm) 

ε276 = 5808 M-1cm-1 

Based on the ratio of absorbance of insulin at 280 nm to 276 nm (0.883), 

new extinction coefficient at 280 nm was calculated 

ε280 = 5128 M-1cm-1 

For product 2 

Extinction coefficient of 2 determined at 346 nm, ε346 = 4470 M-1cm-1 

Ratio of absorbance of 2 at 280 nm to 346 nm= 0.732 

Hence extinction coefficient of 2 at 280 nm, ε280 = 3272 M-1cm-1 

Insulin mono-azide & insulin di-azide 

Extinction coefficient of insulin adducts were estimated by summing the 

molar extinction coefficients for model compounds as determined above at 280 
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nm. We also confirmed these extinction coefficients from UV-visible 

spectroscopy and HPLC and found to be within 1-3% deviation. 

Insulin mono-azide ε280 = 5128 M-1Cm-1 + 3272 M-1Cm-1 = 8400 M-1Cm-1  

Insulin di-azide ε280 = 5128 M-1Cm-1 + 2 x (3272) M-1Cm-1 = 11672 M-1Cm-1  

Possible future studies 

If desired, position of photolabile groups on the insulin-azide can be 

determined by systematic degradation of insulin using chemically or 

enzymatically followed by MS analysis or by NMR or crystal structure using X-

ray diffraction technique. 

Increasing the density of insulin on the resin can help patients by 

decreasing the number of injections, volume of injections or decreased amount of 

light. This can be potentially achieved by loading more insulin azide onto given 

resin, by increasing the surface area of resin or by selecting resin with higher 

density of functionalization. Another approach, being pursued in our lab is by 

formation of crosslinked insulin polymer using insulin azides and multi-

functionalized alkynes. This can significantly reduce the number of injections to 

a minimum and can eliminate chances of any phototoxicity or side effects like 

heat generation and may aid in tighter control of blood glucose level. 

Besides increasing the density of the resin, the kinetics of this approach 

will be dependent upon photokinetics of the insulin photoactivated depot 

imparted by selected photolabile groups. We can increase the rate of release of 

insulin by selecting photolabile groups with faster photolysis rates and higher 

quantum efficiency. Furthermore, by selecting higher wavelength photolabile 
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groups, scattering due to tissues can be reduced and thus providing higher 

cleavage efficiency for the depot. Selection of different photolabile groups can 

potentially avoid phototoxicity, discoloration of skin, discomfort due to heating, 

inflammation, immune response or toxicity due to photolyzed resin. Further 

changes in the photolabile group might be required based on results of animal 

studies. 

Stability of resin in biological fluids and under the skin is another 

question. We can virtually try hundreds of biocompatible polymers for this 

purpose to improve biostability and fine-tune biodegradability. Examples 

include functionalized biopolymers chitosan, alginate, hyaluronic acid, heparin, 

poly aspartic acid, poly glutamic acid, poly lysine, etc. or synthetic polymers 

include modified peptide nucleic acids, modified polyesters, modified PLGA, 

modified PEG, etc. 

Since, insulin has undergone multiple synthetic steps involving organic 

solvents DMSO and acetonitrile along with dilute acids like 0.01 N HCl and 0.1% 

TFA. Bioactivity of insulin is a key question for this approach to work in cells, 

animals and eventually in patients. It has been earlier shown that such chemical 

treatments on insulin are tolerated by insulin. We had earlier tried to develop a 

new protocol to monitor glucose uptake in cells using a commercial glucose-

monitoring meter (Freestyle Freedom Lite) with HeLa cells. This was designed 

by treatment of glucose-starved cells with control insulin or photolyzed insulin 

and then measuring the glucose uptake using glucose meter. However, due to 

very low changes in the uptake of glucose by HeLa cells, poor sensitivity of this 

approach and high variability using glucose monitoring device we could not 

reliably develop the protocol for bioactivity analysis. Therefore, our lab is 
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adopting published protocols from the literature to test the bioactivity of 

photoreleased insulin in 3T3-L1 adipocyte cell line by measuring uptake of 

radioactive 2’-deoxyglucose.  

Animal studies must be performed to confirm the bio-efficacy of the 

system and determine the safety of insulin photoactivated depot in animals. 

Furthermore, using animal models we can optimize the volume and site of 

injection, time of irradiation required by the depot to release a given amount of 

insulin, diffusion rate of insulin from the depot to the blood, bioactivity of 

released insulin in lowering blood glucose level, immune or inflammation 

response if any caused due to injection of depot, long term stability of the depot, 

elimination of base resin and photolabile groups, long term toxicity, etc. Several 

iterations of this approach might be required before it can finally be used in the 

clinic. 

Finally this approach can be combined with other non-invasive 

continuous glucose monitoring (CGM) devices to provide real time automated 

release of insulin. For example, infrared-LED based CGM devices can be coupled 

to our UV-LED based i-PAD and one device can potentially monitor the blood 

glucose level and release insulin accordingly in desired quantities based on 

algorithm. Therefore, it can possibly control minute-by-minute variation of blood 

glucose level, providing safety to the patients and avoiding chances of 

hypoglycemic shocks, which is a major concern with the basic insulin therapy. 

This could further be coupled with portable electronic devices and patients easily 

keep track of their blood glucose and insulin levels with a possibility of 

controlling the delivery of insulin by the similar devices. 



  246 

 

Figure 195. LED based compact light source designed in house by Dr. Simon H. 
Friedman for animal studies. 
 

 Finally this approach not only can create an artificial pancreas but 

can also be applied to other hormones, drugs and biomacromolecules. Thus 

eliminating the problem of patient compliance where chronic administration of 

drugs is required. Finally combined release of multiple drugs in a logical fashion 

is possible by selecting different photolabile groups cleaved at different 

wavelength by this unique photoactivated depot approach. 

 

Figure 196. A hypothetical approach of designing artificial pancreas by coupling 
light based continuous glucose sensor LED (e.g. infrared light) with insulin 
release LED (e.g. UV light) in a single device with a feedback loop controlled by 
an optimized algorithm. 
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CHAPTER 5 

A UNIVERSAL REVERSIBLE REAGENT FOR SITE-SPECIFIC END LABELING 

OF NUCLEIC ACIDS 

 Labeling of a nucleic acid is quintessential to understanding the structure, 

biodistribution, interactions and functions of nucleic acids [188-195]. Site-specific 

labeling further enhances our power to apprehend these mechanisms. 

Furthermore, if we could add another dimensionality of controlled removal of 

these labels using light, one can imagine the exponential applications of this 

technique various fields including biochemistry, biotechnology, cell biology, 

molecular biology, bioanalysis, diagnostics and drug delivery. 

Site-specific labeling of nucleic acids is generally achieved by 

incorporating desired label or functionality during their synthesis. However, 

post-synthesis labeling can be challenging. Although, several methods have been 

developed and currently in use for site specific labeling of nucleic acids by 

enzymatic method, hybridization techniques, light based labeling techniques, 

non-covalent labeling or chemical labeling [190, 193, 196-212] None of these 

labeling techniques offers the combination of universal labeling with 

photocleavability.  

Key molecule: DMNPE-azide 

In our earlier approach of developing an insulin photoactivated depot, we 

created a very interesting molecule, DMNPE-azide diazo. This molecule 

possesses multiple fascinating properties as shown in the Figure 213.  
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Figure 197. DMNPE-azide diazo, a key molecule for this study, offers several 
interesting properties. The nitro containing ring (magenta) provides 
photolability, PEG based linker (black) presents enhanced solubility and 
flexibility, azide group (blue) offers bio-orthogonal labeling of any molecule 
using click chemistry. Finally, based on our earlier studies with modification of 
siRNA and dsRNA, we hypothesize that diazo group  (orange) can react 
specifically with terminal phosphates of oligonucleotides.  
 

It is a DMNPE-based photolabile molecule that can be photolyzed using 

non-toxic wavelength of light (365 nm). It also contains an azide functionality 

that can react specifically with a given alkyne and can be exceptionally bio-

orthogonal towards any other functionality in the biological system [185]. In 

addition, PEG based linker not only act as a flexible linker but also imparts 

aqueous solubility, which can be a key for labeling of biomolecules or in 

biological milieu. Based on our earlier findings with DMNPE-based diazo 

modification of oligonucleotides, which preferentially modifies terminal 

phosphates of siRNA and dsRNA, we hypothesized that this molecule can be 

specific towards modification of terminal phosphates of any given nucleic acid, 

including, ssDNA, ssRNA, dsDNA, dsRNA, DNA/RNA heteroduplex [68]. 

Moreover, if we can achieve the site-specific end labeling of nucleic acids 

using this DMNPE-azide molecule, we can conjugated any alkyne modified 
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molecule using click chemistry including proteins, nucleic acids, carbohydrates, 

phospholipids, polymers, surface, functional group, fluorophore, drug biotin, 

crosslinker, cell targeting molecules, cell penetrating molecules, cytotoxic 

molecules, intercalators. For example, by conjugating biotin using click chemistry 

we can attach it onto any streptavidin-coated surface for generating an array 

nucleic acids the release can be spatially controlled. Furthermore, we are not 

limited to strained alkynes for click chemistry, since copper-based click 

chemistry has been demonstrated to work with nucleic acids and theoretically 

any molecule with some functional group can be applied as label by installing an 

alkyne on it.  

There are three major reactions in our system and each would require 

testing or optimization. First reaction involves the reaction of diazo on the 

terminal phosphates. Based on our earlier findings with DMNPE, dsRNA 

containing four terminal phosphates get preferentially modified on the termini 

yielding tetra-modified species as the major species. However, we always 

noticed some signs of lower or higher modifications suggesting that the reaction 

has some non-specificity towards the nucleobases too and HPLC purification of 

oligos were further required. Our goal is to optimize this reaction condition so 

that we achieve only desired terminal modification. Furthermore, for the 

generality of this approach, not only this method should label double stranded 

nucleic acids (dsRNA, dsDNA, DNA/RNA heteroduplex) but even with, more 

commonly used, single stranded oligos (ssRNA, ssDNA). 

Once we achieve site-specific end labeling of nucleic acids, alkynes 

containing some interesting functionality can be attached. We selected copper-

free click chemistry for this purpose due to our earlier experience and several 
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reports in the literature [213-216]. However, copper-based click chemistry 

(CuAAC) has been also demonstrated to work with wide variety of nucleic acids 

[214, 217-219]. 

 Finally we can photolyze the caged nucleic acid using non-toxic levels  of 

UV light (365 nm) and we have demonstrated earlier with DMNPE caged 

dsRNA. 
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Figure 198. Site-specific labeling and photolysis of a single-stranded nucleic acid 
(ssDNA and ssRNA) containing terminal phosphate. Using DMNPE-azide diazo 
we could preferentially modify terminal phosphate of ssDNA and then the azide 
group can be clicked with any molecule or surface. Finally using light, this 
photocaged label can be removed leaving behind native nucleic acid. 
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Figure 199. Site-specific labeling and photolysis of a double-stranded nucleic acid 
(dsDNA, dsRNA and DNA/RNA heteroduplex) containing terminal phosphate. 
Using DMNPE-azide diazo we could preferentially modify terminal phosphate 
of dsDNA and then the azide group can be clicked with any molecule or surface. 
Finally using light, this photocaged label can be removed leaving behind native 
nucleic acid. 
   



  253 

However, this two-step process allows one to modify the nucleic acid with 

a range of molecules or surfaces and also imparts photocleavability. In some 

cases, especially with small molecule labels, we can decrease the number of 

labeling steps by performing click chemistry first on the small molecule, or by 

using other chemical strategies, for example, DC-DMNPE reagent. However, for 

each label, optimization of conditions will be required. 

Site-specific labeling of terminal phosphates  

 Terminal phosphates can be installed during synthesis of nucleic acids or 

post-synthesis using enzymes like polynucleotide kinase. There are several 

variants of PNK available with different specificity towards end phosphorylation 

of single stranded and double stranded DNA or RNA. By combining the power 

of PNK, our approach can also be used to label both natural and synthetic nucleic 

acids. 

 
Figure 200. Terminal phosphates can be easily introduced using both single 
strand and double stranded oligos can be phosphorylated using PNK [205, 220]. 
  

We selected three single-stranded sequences with 3’ or 5’ phosphate or 

both 5’ and 3’ phosphates on the oligo to first react with the DMNPE-azide diazo. 
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Figure 201. Caging of ssRNA containing 5’ phosphate (F-69), 3’ phosphate  (F-
109), or containing both 5’ and 3’ phosphate (F-269), not shown in this figure) by 
following multiple addition of DMNPE-azide diazo. Briefly ssRNA (50 µM, 200 
µL) in RNase-free water was first treated with DMNPE-azide diazo (40 mM, 50 
µL) in DMSO for 24 h and then added a fresh batch of DMNPE-azide diazo (40 
mM, 50 µL) to the same mixture and stirred for another 26 h. 

 

Sequence of ssRNA oligos used (1st attempt) 

5'P UCA CCC UUC 3' (9-mer, F-69) 

5’ GGU GCA GAU GAA CUU CAG GGU CAG CUU 3'P (27-mer, F-109) 

5'P GGU GCA GAU GAA CUU CAG GGU CAG CUU 3'P (27-mer, F-269) 
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Results of caging experiment 

 

 

Figure 202. ESI-MS analysis (negative mode) of 9-mer RNA containing 5’ 
terminal phosphate (F-69, top pane) and 27-mer RNA containing 3’ terminal 
phosphate (F-109, bottom pane), both caged with DMNPE-azide. AP1 suggests 
one modification per strand, AP2 suggests two modifications per strand, so forth 
and so on. 
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Figure 203. ESI-MS analysis (negative mode) of 27-mer RNA containing both 5’ 
and 3’ terminal phosphate (F-269) caged with DMNPE-azide. AP1 suggests one 
modification per strand, AP2 suggests two modifications per strand, so forth and 
so on. 
 

We expected a single modification on each of these oligos, however, we 

observed up to two modifications using a 9-mer RNA oligo with 5’ phosphate, 

up to seven modifications with longer 27-mer oligo containing 3’ phosphate, and 

up to ten modifications with another 27-mer oligo containing both 5’ and 3’ 

phosphate. These results were interesting, however problematic for our 

approach. Since these oligos are single-stranded we postulated that they would 

be more prone to nucleobase modifications, due to the absence of base pairing 

that prevents double stranded oligos (e.g. dsRNA) we have tried earlier. 

Another key concern with these results was the differences in higher 

modifications between the sequences. If this remains a concern, our approach 

could not be generalized for single stranded oligos. Since, 27-mer RNA showed 

significantly higher number of modifications than 9-mer RNA, we hypothesized 

that higher the number of nucleobases, greater the chances of non-specific 
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modifications on nucleobases. Another interesting difference between these 

sequences we noticed was only one adenosine was present in the 9-mer oligo, 

where as six in case of 27-mer oligo. Based on these observations, we postulated 

that non-specific modifications preferentially take place at adenosines. However, 

further studies would be required to confirm these hypotheses. 

Sequence of ssRNA oligos used, adenosines underlined (1st set) 

5'P UCA CCC UUC 3' (9-mer, F-69) 

5’ GGU GCA GAU GAA CUU CAG GGU CAG CUU 3'P (27-mer, F-109) 

5'P GGU GCA GAU GAA CUU CAG GGU CAG CUU 3'P (27-mer, F-269) 

 

To test our hypothesis, we repeated the reaction of DMNPE-azide diazo 

with 11-mer oligos containing either no adenosine or eight adenosines and using 

reduced equivalents of diazo. 

Sequence of ssRNA oligos used, adenosines underlined (2nd set) 

5'P TCGCCTGGTCG 3' (11-mer, F-36) 

5'P AAAAAGAGGAA 3' (11-mer, F-52) 

5'   AAAAAGAGGAA 3' (11-mer, F-55) 
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Figure 204. Caging of 11-mer ssRNA containing 5’ phosphate no adenosine (F-
36), 5’ phosphate with eight adenosines (F-52), or containing no phosphate with 
eight adenosines (F-55) by following single addition of DMNPE-azide diazo. 
Briefly ssRNA (250 µM, 100 µL) in RNase-free water was first treated with 
DMNPE-azide diazo (10 mM, 25 µL) in DMSO for 12 h. Reaction was terminated 
by addition of ammonium acetate (9 M, 62.5 µL) by vortexing for 15 min. Added 
2 µL of glycogen (20 mg/mL) and 3 volumes of ethanol and stored at -20 °C for 
overnight. Centrifuged at 17,400 g for 30 min and washed twice with 75% 
ethanol. Pellet was dried in air and re-dissolved in RNase free water (100 µL). 10 
µL of this sample was used for preparing samples for MS-analysis 
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Figure 205. ESI-MS (negative mode) of F-36 (top), F-52 (middle), F-55 (bottom) 
oligos in presence (right) or absence (left) of reaction with DMNPE-azide diazo. 
AP0 suggests unmodified oligo, AP1 suggests one modification per strand. Delta 
symbol indicates the difference between observed and expected mass (amu). 
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Results 

Using higher concentration of oligo and lower concentration of diazo, we 

found only mono-modified species in F-36 and F-52. We also noticed some 

mono-mod species with F-55, which contained no terminal phosphate. However, 

it was present as a minor species.  

These results suggest that this diazo/phosphate reaction can be optimized 

further with single-stranded oligos to achieve end labeling of oligonucleotides. 

Since we used lower diazo concentration, importance of adenosine could not be 

delineated in this experiment. More studies will be required to further explore 

the effect of adenosines at higher diazo concentrations. 

Since F-52 showed the best results, we designed and synthesized a 

fluoroscent alkyne label to further modify this mono-modified F-52 oligo using 

click chemistry. 

Synthesis of a fluorescent alkyne 

For the purpose of applying labeling method to the photocaged oligo we 

synthesized a fluorescent strained alkyne, DBCO-dansylcadaverine. Synthetic 

procedure is described in detail in the materials and methods section. 
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Figure 206.Synthesis of a fluorophore molecule, DBCO-dansylcadaverine 
(DBCO-DC).  

 

 

Figure 207. TLC of reactants and product after synthesis of DBCO-DC amide 
before purification (left) and after purification by acid/base (right) 
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Figure 208. ESI-MS (positive mode) of DBCO-DC amide 
 

 

Figure 209. LC-MS (positive mode) analysis of purified DBCO-DC amide.  
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Click reaction 

We used DBCO-DC amide and reacted with DMNPE-azide modified 

oligo F-52. As discussed earlier, caged F-52 contained mainly mono-mod species. 

 

Figure 210. Click reaction step using mono-mod DMNPE-azide containing 
ssRNA (F-52) with DBCO-DC amide. 
 

Caged oligo (2.5 nmols, 40 µL) in RNase free water was treated with 

DBCO-DC (20 nmols, 40 µL) in DMSO with a final total volume of 80 µL 50% 

DMSO/water. Solution was stirred at 37°C for 29 h. After the reaction clicked 

ssRNA was precipitated following standard ammonium 

acetate/glycogen/ethanol precipitation. Finally, ssRNA was dissolved in 40 µL 

of RNase free water and ESI-MS was performed on 10 µL of this sample by 

following general ESI-MS sample preparation. Majority of the desired product 

was formed as confirmed by ESI-MS analysis 
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Figure 211. ESI-MS (negative mode) analysis of the product of click reaction 
DBCO-DC amide with DMNPE-azide caged F-52 oligo. 
 

Photolysis 

We were able to regain back the native ssRNA completely after the 

photolysis. Using ESI-MS analysis, we observed that all the peaks matched with 

the commercially obtained uncaged native oligo. 
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Figure 212. ESI-MS (negative mode) analysis of the photolysis of final labeled or 
clicked oligo. Precipitated clicked oligo (~200 µM, 10 µL) was photolyzed for 15 
minutes using a 200 mW 365 nm LED. After the irradiation, sample was 
prepared for ESI-MS analysis as described earlier. 
 

 These promising results with F-52 ssRNA gave us motivation to move 

forward and perform the caging of a complete set of single stranded and double 

stranded oligos containing 5’ phosphate, 3’ phosphate or no phosphate. For this 

purpose designed random 20-mer oligos containing equal number of A, T, C, and 

G for DNA and similarly equal number of A, U, C and G for RNA. Oligos were 

designed such that minimum number of oligos could yield maximum number 

combinations. Sequences are mentioned below. 
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Sequence of oligos used (3rd set) 

DNA sequence containing equal number of A, T, G and C with 5’, 3’ or no 

terminal phosphate 

5’   ACT GAT ACG TGT GCA CTC AG   3’ 

5'P ACT GAT ACG TGT GCA CTC AG   3’ 

5’   ACT GAT ACG TGT GCA CTC AG   3'P 

Common complement sequence used for forming duplexes with DNA or RNA 

5’   CTG AGT GCA CAC GTA TCA GT   3’  

 

RNA sequences containing equal number of A, U, G, and C with 5’, 3’ or no 

terminal phosphate 

5’    ACU GAU ACG UGU GCA CUC AG   3’ 

5'P ACU GAU ACG UGU GCA CUC AG   3’ 

5’    ACU GAU ACG UGU GCA CUC AG   3'P 

Common complement sequence used for forming duplexes with RNA or DNA 

5’    CUG AGU GCA CAC GUA UCA GU   3’  

We reacted these oligos using conditions used earlier for the caging of F-

52 oligos. However, we could get same results again. We tried performing 

reaction at different diazo concentrations, different oligo concentrations but 

could not yield the single mono-mod product. We repeated the reaction using 

the same oligo F-52 again and could reproduce the original results again but 

when we tried using other oligos we could not limit the reaction to mono-mod. 

But instead we afforded a mixture of unmod, mono-mod and di-mod species. 

When we decreased the oligo concentration and increased the diazo 
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concentration, we experienced even higher modifications. We repeated the 

reaction by changing the % DMSO and different concentrations of diazo. 

However, we could not get the same results again.  

 

Figure 213. Different level of modifications observed in the MS for various 
concentrations of diazo reacted with ssDNA oligo, containing 5’ phosphate in 
25% DMSO/water. 
  

We first hypothesized that reaction could be sequence specific for 

stranded or F-52 oligo forms secondary structures or can self-hybridize. 

However, we nullified our own theory since we found single mono-mod 

modification using another oligo F-36 from the earlier second set. Furthermore, 

these oligos are only 11-mer and contains eight adenosines and three guanosine 

and hence very less flexibility or chances of self-hybridization due to non-

canonical interactions. 

 We finally the realized that the oligos F-36 and F-52 were purchased as 

PAGE purified oligos while oligo F-55 was purchased as HPLC purified. We 
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further noticed a meniscus formed when PAGE purified oligos were taken 

compared to HPLC purified oligos suggesting something additional component 

present in the oligos caused them to react.  

 

Figure 214. Reaction of ssDNA, containing 5’ phosphate, with various 
concentrations of DMNPE-azide diazo, all in the presence of Tris-acetate EDTA 
buffer. Graph of analysis of various species in different conditions (top); ESI-MS 
analysis of a sample of first condition containing 20x diazo and 1:3 DMSO: H2O 
in Tris-acetate EDTA buffer. 
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Figure 215. ESI-MS analysis shows the effect of buffer on reaction. In the absence 
of buffer (top pane) higher modifications were seen, however, in presence of 
buffer the reaction was limited to di-mod with mono-mod as major species. 

 

We postulated it to be PAGE buffer and tried to perform reaction of these 

oligos again with DMNPE-azide diazo in the presence of Tris-acetate EDTA 

buffer containing 10 mM magnesium chloride. We observed that reaction was 

limited in the presence of buffer and we obtained better results than without 

buffer. We also performed kinetic studies of the reaction by selecting the best 

condition in the presence or absence of buffer. We analyzed the percentage of 

each species from intensity of mass from the mass spec. Although, mass-spec 

intensity area is not a perfect quantitation technique, we found it to be quite 

reproducible between multiple experiments. Since we were trying to optimize 

the reaction condition, ESI-MS was very effective technique to inject each sample 

in each quantity and determine the relative peak areas.  
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Figure 216. Kinetic experiment of diazo reaction with ssDNA containing 3’ 
phosphate in absence of buffer (top) or in presence of buffer (bottom). In one 
hour reaction was completed. 
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Figure 217. Kinetic experiment of diazo reaction with ssRNA containing 3’ 
phosphate in absence of buffer (top) or in presence of buffer (bottom). In one 
hour reaction was completed. 
 

We switched from Tris-acetate EDTA buffer to Tris-HCl EDTA buffer 

since acetate can react with the diazo and interfere with the rate of reaction. 

Furthermore, EDTA contains carboxylic acid groups and can also quench the 

reach. However, it is present in very low quantity (1 mM) which can also chelate 

with MgCl2 and thus potentially less available for the reaction. 
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Figure 218. Effect of changing diazo concentration to 2x, 5x, 10x or 20x in the 
absence of buffer or in the presence of buffer containing MgCl2. For the reaction, 
different equivalents of DMNPE-azide diazo were added to the ssDNA 
containing 3’ phosphate oligo (250 µM) using 10 mM Tris-HCl/1 mM EDTA/pH 
7.6. One condition with buffer yielded best results. 
 

Furthermore, we also confirmed some samples with HPLC analysis, 

followed by fraction collection, drying and MS analysis, which showed similar 

results. We found that the reaction completes in less than one hour and no 

further modification occurs after the specified time period. Our lowest time of 

reaction was one hour and hence further studies with lower time points are 

required to determine the exact rate of reaction or time of completion. 

Furthermore, we noticed that in the presence of buffer that the color of the diazo 

changes from red to colorless in less than 10 minutes. 
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Figure 219. Effect of MgCl2 in the buffer tested by reacting ssDNA, containing 3’ 
phosphate, with different concentrations of diazo in 10 mM Tris/HCl/1mM 
EDTA/pH 7.6 buffer with or without MgCl2. 

 

 

Figure 220. Effect of increasing the diazo and changing the ratio together. 
  

We also changed the concentration of magnesium chloride in the buffer. 

We found that in general, increasing concentration of magnesium chloride 

decreases the total number of modifications on the oligo.  
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Figure 221. Effect of changing concentration of MgCl2 during the reaction of 
DMNPE-azide diazo (40x) with ssDNA containing 3’ phosphate oligo (250 µM) 
using 10 mM Tris-HCl/1 mM EDTA/pH 7.6. 10 mM MgCl2 was found to be 
optimum. 
 

 

Figure 222. Reaction of single stranded oligonucleotides using a specific 
optimized condition for ssDNA containing 5’ phosphate. Oligo (250 µM) was 
caged using 40x diazo (actual concentration was 20x not 40 x) for 1.2 h in 10 mM 
Tris-HCl/1 mM EDTA buffer (1x buffer) with MgCl2 pH 7.6, and 25% 
DMSO/H2O. Reaction of ssDNA was great with terminal phosphates containing 
oligo but even ssDNA without terminal phosphates reacted. Furthermore, 
reaction needs to be optimized for ssRNA completely. 
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 Although we were able to get close to 90% mono-mod formation with 5’ 

or 3’ phosphate containing ssDNA, we also found that the reaction had issues 

with the ssRNA and more importantly with oligos containing no terminal 

phosphate. In order to optimize the reaction, we included the oligo without 

phosphate as a control for all our further optimization experiments. We repeated 

the experiment with lower concentration of diazo 5x first and then 10x and 15x. 
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Figure 223. Optimization of DMNPE-azide reaction on ssDNA, containing 5’ 
phosphate or no phosphate, in the presence or absence of buffer and using 5x 
equivalents of diazo (top). In the next graph, optimization of both ssDNA and 
ssRNA, containing 5’ phosphate or no phosphate, by changing concentration of 
diazo to 10x and 15x with buffer. Oligo (200 µM) was caged using 10x or 15x 
diazo for 20 h in 10 mM Tris-HCl/1 mM EDTA buffer (1x buffer) with MgCl2 pH 
7.6. 15x diazo showed us better results with ssDNA but not with ssRNA. 
Lowering the diazo eliminated the key problem of ssDNA oligo without 
phosphate. 
 

Our goal is develop a site-specific end labeling conditions for generic 

DNA or RNA or with duplexes. More importantly in the absence of terminal 

phosphate it should not react with the oligo. And only in the presence of a 
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specific phosphate it should react. Since we noticed undesirable higher 

modifications with RNA versus DNA, we postulated that it might be due to the 

presence of 2’ OH in RNA versus in DNA. Therefore we proposed to decrease 

the pH of the reaction buffer so that nucleophilicity of 2’-OH is decreased 

further. Furthermore, by lowering the pH of the buffer we might be able to 

improve the reaction since diazo reaction requires acidic pH but hydrolysis will 

also be faster. In addition to changing pH we also tried to perform reaction in 

different DMSO concentrations. Besides the normal DMSO concentration 20% (or 

1:4 DMSO:water), we included 10% (1:9 DMSO:water) in water to see its effect. 

However, changing the DMSO concentration could not improve the reaction 

significantly. 

 

Figure 224. Optimization of DMNPE-azide reaction on ssRNA, containing 5’ 
phosphate or no phosphate, by buffer. Oligo (200 µM) was caged using 15x diazo 
for 1 h with or without buffer. Buffer: 10 mM Tris-HCl/1 mM EDTA buffer (1x 
buffer) with 10 mM MgCl2 pH 7.6. 
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Figure 225. Optimization of DMNPE-azide reaction on ssRNA, containing 5’ 
phosphate or no phosphate, by changing the pH and % DMSO/water. Oligo (200 
µM) was caged using 15x diazo for 1 h at pH 6.0, 7.6 in 10 mM Tris-HCl/1 mM 
EDTA buffer (1x buffer) with MgCl2 and for pH 8.0 no buffer was used, only 10 
mM MgCl2. 

 

 

Figure 226. Reaction of ssRNA and ssDNA at different pH. All oligos (200 µM) 
were caged using 15x diazo for 1 h at pH 6.0, 7.6 in 10 mM Tris-HCl/1 mM 
EDTA buffer (1x buffer) with MgCl2 and for pH 8.0 no buffer was used, only 10 
mM MgCl2. 

 

Finally we found that pH 6.0 was optimal for the caging reaction with 

ssRNA with >90% (91% to 98%) unmodified with ssDNA or ssRNA without 
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phosphate and >80% (82% to 89%) mono-modified with 5’ or 3’ phosphate. 

Decreasing pH down to 5.0 further decreased modification of oligo, resulting 

into higher amount of undesirable unmodified species in case of 3’ and 5’, 

possibly due to increased rate of degradation of diazo at lower pH mediated by 

hydrolysis. 

 
 
Figure 227. Overlay of two HPLC chromatograms, standard unmod 5’ phosphate 
containing ssDNA oligo (blue) and DMNPE-azide caged same oligo. DMNPE-
azide caged oligo in buffer 10 mM Tris-HCl 1 mM EDTA, 10 mM MgCl2 pH 7.6. 
Caging was performed using 5 eq. of DMNPE-azide diazo. From the area under 
the peak analysis of each species, it was found to contain 22% unmod, 78% 
mono-mod while di-mod labeled in the chromatogram was not taken into 
consideration since it was not confirmed by MS analysis. We earlier performed 
the MS analysis and found that the same sample contained 34% unmod, 64% 
mono-mod and 0% di-mod. We speculate that the two major peaks labeled as 
mono-mod species have same mass and thus they are possibly diastereoisomers 
formed by the two-face attack of nucleophilic phosphate on the planar diazo. 
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Optimization of duplexes or double-stranded nucleic acids 

 We performed the caging of oligos using the conditions optimized earlier 

for single stranded oligos, which was 15 equivalents of diazo and reacted with 

200 µM oligo in the presence of 10 mM Tris-HCl/1 mM EDTA/ 10 mM MgCl2, 

pH 6.0 with 1:4 DMSO:water. However, we could not get the desired level of 

mono-mod with dsRNA and found that the reaction was slower with duplexes 

yielding higher level of unmod species. Duplexes containing no terminal 

phosphates showed no modification of the strand. Interestingly, we did not 

observe any higher mod species suggesting we could increase the concentration 

of the reaction to push the reaction forward.  

 

Figure 228. Reaction of dsRNA, dsDNA, dsHDNA, and dsHRNA using 
conditions optimized for single stranded oligos. All oligos (200 µM) were caged 
using 15 equivalents of diazo for 1 h using 10 mM Tris-HCl/1 mM EDTA/10 
mM MgCl2 pH 6.0. We annealed complementary DNA or RNA strand to each 
ssDNA or ssRNA sequence to create double-stranded DNA (dsDNA), double-
stranded RNA (dsRNA), double-stranded heteroduplex DNA (dsHDNA), 
double-stranded heteroduplex RNA (dsHRNA). For nomenclature, one strand 
was assigned sense strand (S) and other strand as antisense strand (AS). For 
example, for sequence containing 5’ P dsHDNA sequence containing 5’ terminal 
phosphate ssDNA was annealed with complementary RNA with no phosphate.  

 

We repeated the same experiment again with higher concentration (30 eq.) 

of diazo and keeping everything else constant. We found very promising results 
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using this approach. Not only we achieved >94% (94% to 99%) mono-mod in 

species containing terminal phosphates, we also observed that all oligos 

containing no terminal phosphates either used as antisense or as duplexes were 

unmodified >95% (95% to 100%).  

 

Figure 229. Reaction of dsRNA, dsDNA, dsHDNA, and dsHRNA using 
conditions optimized for single stranded oligos. All oligos (200 µM) were caged 
using 30 equivalents (actually 26.5 eq.) of diazo for 1 h using 10 mM Tris-HCl/1 
mM EDTA/10 mM MgCl2 pH 6.0.  

 

These results demonstrate the power and versatility of this new reagent in 

site-specific end labeling of oligos. Furthermore, we have shown earlier that we 

can perform click chemistry on the caged oligo and regain back the native nucleic 

acid after photolysis. Finally using this technology we can potentially conjugate 

hundreds of molecules in a site-specific manner to synthetic or natural nucleic 

acids for different applications and remove the label in a controlled 

spatiotemporal fashion using light.  
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Methods and Materials 

Synthesis  

DMNPE-azide diazo 

As described earlier in chapter 5 and published.[221] 

DBCO-DC amide 

DBCO acid (1 eq., 31.8 µmols, 10.6 mg), dansylcadaverine (2 eq., 63.6 

µmols, 21.3 mg) and 1-hydroxybenzotrizole hydrate (2 eq., 63.6 µmols, 9.7 mg) 

were dissolved in DMF (97.1 µL). 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (1.7 eq., 54.1 µmols, 10.4 mg) 

was then added to the reaction mixture and then stirred for 4 days. DBCO-DC 

amide product was purified using acid/base extraction. The product was 

purified by partitioning the reaction mixture between ethyl acetate (10 mL) and 

saturated sodium chloride (10 mL). The ethyl acetate layer was washed twice 

with saturated sodium chloride solution and the combined aqueous layers were 

washed once with ethyl acetate. The combined organic layers were washed with 

saturated sodium bicarbonate solution, 1N HCl and again with saturated sodium 

bicarbonate solution. The organic layer was then dried with magnesium sulfate 

and evaporated to give an off-white solid. Yield 17.5 mg (84.6%), TLC 

(EtOAc:MeOH, 75:25 v/v): RF = 0.55; 1H-NMR (400 MHz, DMSO-d6): δ 8.56 

p.p.m. (d, J= 8.4 Hz, 1H), 8.42 (d, J= 8.4 Hz, 1H), 8.22 (d, J= 7.2 Hz, 1H), 7.64-7.54 

(m, 3H), 7.49-7.47 (m, 4H), 7.37-7.30 (m, 3H), 7.28-7.26 (m, 2H), 6.75-6.71 (m, 1H), 

5.11 (d, J= 14 Hz, 1H), 3.62 (d, J= 13.6 Hz, 1H), 2.94-2.83 (m, 2H), 2.87 (s, 6H), 2.26-
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2.20 (m, 2H), 1.87-1.79 (m, 4H), 1.39-1.16 (m, 10H); 13C-NMR (100 MHz, Acetone-

d6): δ 172.8, 172.4, 153.2, 152.8, 149.6, 137.4, 133.4, 130.7, 130.6, 130.5, 130.3, 129.7, 

129.6, 128.8, 128.8, 128.6, 128.4, 127.7, 126.0, 124.2, 124.0, 123.0, 120.5, 116.0, 115.3, 

109.0, 55.8, 45.6, 43.7, 43.6, 39.2, 36.3, 35.1, 25.8, 29.8, 25.5, 24.4;  UV/vis (DMSO): 

λmax (ελ): 291 nm, 310 nm ; MS (m/z): [M+H]+ calcd for C38H42N4O4S, 651.3; found, 

651.2; Reversed phase HPLC-MS (flow rate 0.4 mL/min, runtime 30 min, 

injection volume 25 µL) solvent A (0.1% formic acid in H2O), solvent B (0.1% 

formic acid in ACN), gradient 0% B to 50% B over 5 min, 50% B to 100% B over 

22 min, Isocratic 100% B for 2 min, 100% B to 0% B over 1 min, C8 Hypersil 

column (5µm, 100 x 4.6 mm, Varian): Retention time (min) 17.64; Reversed phase 

HPLC-MS (flow rate 0.4 mL/min, runtime 30 min, injection volume 25 µL) 

solvent A (0.1% trifluoroacetic acid in H2O), solvent B (0.1% trifluoroacetic acid 

in ACN), gradient 0% B to 100% B over 20 min, isocratic 100% B for 6 min, 100% 

B to 0% B over 2 min, isocratic 0% B for 2 min, C8 Hypersil column (5 µm, 100 x 

4.6 mm, Varian): Retention time (min) 14.66; ESI-MS (m/z): [M+H]+ calcd for 

C38H42N4O4S, 651.3; found, 651.5; 
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Figure 230. H1 NMR (400 MHz, d6 DMSO) of DBCO-DC amide 
 

 

Figure 231. C13 NMR (100 MHz, d6 acetone) of DBCO-DC amide 
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Oligonucleotides 

 All the oligonucleotides containing phosphates at different termini were 

synthesized using phosphoramidite chemistry by IDT. In the third set, all oligos 

were standard desalted. No HPLC or gel purification was performed on these. 

Annealing of strands 

 Annealing of duplexes was performed by heating both the strands at 500 

µM in RNase free water at 85°C for 15 min followed by slow cooling for about 2 

hours. Samples were diluted according to the requirement and 10x buffer was 

added and DMNPE-azide diazo in DMSO was finally added at the end. 

Precipitation of nucleic acids 

Briefly, caging reactions were terminated by addition of ammonium 

acetate (9 M) to the mixture to achieve a final concentration of 3 M ammonium 

acetate. Samples were vortexed for 15 min. Added 2 µL of glycogen (20 mg/mL) 

and 3 volumes of ethanol and stored at -20 °C for overnight. Centrifuged at 

17,400 g for 30 min and washed twice with 75% ethanol. Pellet was dried in air 

and re-dissolved in RNase free water (100 µL). 10 µL of this sample was used for 

preparing samples for MS-analysis 

ESI-MS infusion analysis of caged oligos 

We performed ESI-MS analysis of all the oligos by following earlier 

established protocol in our lab with some slight modifications.[222] Briefly, 

caged dsRNA or siRNA solution stock (10 µL, ~35 µM) was diluted by addition 
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of RNase free water (25 µL) and then triethylamine (TEA, 1 µL) and acetonitrile 

(ACN, 35 µL) were added to the solution to achieve a final concentration of 5 µM 

in a mixture of 35:35:1 (H2O:ACN:TEA). Samples were analyzed by mass spec 

(2000 QTrap, Applied Biosciences) by infusing (10-20 µL/min) in a negative ion 

mode with enhanced multiple charge (EMC) scan type. Finally, EMC spectra 

were deconvoluted using Bayesian protein reconstruct tool in the Bioanalyst 

software (AB Sciex). Detailed ESI-MS parameters are mentioned in the table 

below.  

Calculations of relative amounts of each species 

 We calculated relative amounts of each species from deconvoluted spectra 

by using deconvolution parameters with mass range 2000 amu to 12000 amu and 

using signal to noise threshold ratio 20. All the peaks including depurination 

peaks, sodium adduct or hydrated, dehydrated species were taken into 

consideration during calculations. Some observed masses with lower intensities, 

which could not be assigned to the caged or uncaged nucleic acids, were 

eliminated from the calculations. Relative area of peak intensity was calculated 

according to the following equation. 

(Sum of the areas of all the peaks related to a particular species) x 100 
(Total area of all the observed species) 

Table 7. Parameters for ESI-MS analysis of oligonucleotides used in general for 
most of our experiments. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

By creating various photolabile groups, we successfully optimized the 

LARI off/on switch to an ideal level. Furthermore we applied these new 

photolabile groups for patterning of gene expression in cell monolayer. In 

particular, two of these caged dsRNA CD-DMNPE dsRNA and DC-DMNPE 

showed very interesting results with close to an ideal off/on switch. Finally, we 

were able to control the gene expression in cells not only spatially using a simple 

mask but also applied more complex masks like letters and gradients [67]. These 

demonstrations suggest that LARI can be applied for tissues engineering, 

developmental biology and delivery of siRNA.  

 

Figure 232. Cells patterned in a 96-well plate expressing GFP in the pattern of 
letters by using LARI. 
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Figure 233. Different groups synthesized for optimization of LARI are enclosed 
in the box. Some faced synthetic or conjugation challenges (red), others were 
either tolerated by cellular RNAi machinery (blue) and some showed best LARI 
switch (green). This image does not include circular dsRNA approach. 

 

In the second project, we have successfully constructed a light activated 

insulin depot that can potentially solve delivery problems associated with the 

insulin therapy. This depot remains inactive until irradiated with light. Once 

irradiated, it releases insulin in a dose dependent manner. The amount of insulin 

released from the depot is dependent upon the time and intensity of irradiation. 
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To achieve this, we synthesized several photolabile groups and then modified 

insulin with these new photocleavable groups. We also performed photokinetics 

studies of modified insulin with various levels of modifications. We then 

attached this photocleavable insulin onto a solid matrix to create a depot. With 

this approach we were able to minutely control the amount of insulin released 

from the depot using light.  Furthermore, this light activated insulin depot 

approach can provide several weeks worth of insulin in a single injection and 

hence can eliminate the need of multiple injections everyday. 

 

Figure 234. Summary of overall synthetic approach 
 

In this chapter, synthesis and characterization of new photolabile groups, 

modification of insulin, characterization of insulin, photokinetics studies of 

modified insulin, and construction and photolysis of insulin depot were 

discussed [221]. 

In the third project, we were able to create a technique for the site-specific 

end labeling of oligonucleotides. We have optimized the conditions of the 

reaction with single stranded and double stranded oligos. Only in the presence of 

a terminal phosphate the reagent reacts with the nucleic acid. In the absence of a 
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terminal phosphate it gets hydrolyzed and we see no modifications. 

Furthermore, reagent can be clicked with any molecule, macromolecule, 

biomolecules or surface and can be easily photolyzed in a desired controlled 

manner. We have demonstrated this by the attachment of a fluorophore.  

Finally, light-activated biomacromolecules we created could become very 

powerful in the future and can be applied to various biomedical fields. 
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