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Abstract 12 

Development of bioadhesive formulations for tissue fixation remains a challenge. The major 13 

drawbacks of available bioadhesives are low adhesion strength, toxic by-products and 14 

complexity of application onto affected tissues. In order to address these problems, we have 15 

developed a hydrogel bioadhesive system based on poly amido amine (PAMAM) dendrimer, 16 

grafted (conjugated) with UV-sensitive, 4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzyl 17 

bromide (PAMAM-g-diazirine). This particular diazirine molecule can be grafted to the 18 

surface amine groups of PAMAM in a one-pot synthesis. Diazirine functionalities are carbene 19 

precursors that form covalent crosslinks with hydrated tissues after low-power UV activation 20 

without necessity of free-radical initiators. The rheological properties and adhesion strength to 21 

ex vivo tissues are highly controllable depending on diazirine grafting, hydrogel concentration 22 

and UV dose intensity fitting variety types of tissues. Covalent bonds at the tissue/bioadhesive 23 

interface provide robust adhesive and mechanical strength in a highly hydrated environment. 24 

The free flowing hydrogel to elastic adhesive after UV activation allows intimate contact with 25 
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the ex-vivo swine tissue surfaces with low in vitro cytotoxicity observed, making it a 26 

promising bioadhesive formulation towards clinical applications.   27 

1. Introduction 28 

Technologies for production of tissue adhesives, or “bioadhesives”, present a promising 29 

strategy for non-invasive tissue mending and fixation. Bioadhesives are particularly important 30 

for minimally invasive surgery (MIS), also referred to as “laparoscopic” or “keyhole” surgery 31 

that is performed without making a major incision. MIS could potentially introduce many 32 

benefits such as: decreased bleeding, reduction in sternal wound infection, patients scar 33 

dissatisfaction, shorter times for intensive care, and reduced time to return to normal 34 

activity.[1] Possibly the most important outcome of MIS is to find the alternative to 35 

conventional surgeries that currently require major scission and tissue reattachment with 36 

sutures and staples. For further development of effective MIS and totally endoscopic approach 37 

in procedures such as working on beating heart, lung incisions, gastrointestinal operations or 38 

vascular anastomosis there is an intense interest in using bioadhesives as sealants to replace 39 

current reliance on sutures and staples.[2, 3]  40 

A number of commercial bioadhesive products, based both on natural and synthetic materials, 41 

have been developed and are readily available on the market. Good examples of such products 42 

are polypeptide-based adhesives and medical grade cyanoacrylate glues. However, either type 43 

of bioadhesive suffers from serious drawbacks including weak adhesion (fibrin sealants) or 44 

toxicity to surrounding tissues (cyanoacrylate glues).[4] For example, cyanoacrylates can 45 

achieve desirable adhesion strength through stable covalent bonds formed with tissue 46 

proteins. Rapid in situ polymerization of tissue-penetrated cyanoacrylate monomers results in 47 

mechanically interlocked polymer with contact tissue.[5] Despite their adhesion strength, 48 

crosslinked polycyanoacrylates are brittle and do not match mechanical properties of soft 49 
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tissues.  Due to the significant and well documented histotoxicity of biodegradation products 50 

generated through hydrolytic polymer breakdown, cyanoacrylate bioadhesives are approved 51 

mainly for topical use.[5] Given the importance of tissue adhesion in surgical procedures, there 52 

is a need for new formulations that would enable rapid tissue sealing and close control over 53 

mechanical properties at the bioadhesive/tissue interface.  54 

Of particular interest to MIS procedures are on-demand adhesive formulations that crosslink 55 

upon external activation, such as electricity or UV light.[2, 6-9] Some promising new UV–56 

activated, acrylate-based bioadhesive systems have been recently developed.[2, 7] Published 57 

studies describe UV-activated polyacrylates with “Irgacure 2959” free radical photoinitiator, 58 

which has shown marginal toxicity when used in the safe UVA1 range of 340 nm – 400 59 

nm.[10-16] Regardless of the optimal performance with biological systems, it should be noted 60 

that the maximum UV absorbance of Irgacure 2959 falls within UVB range (280 nm) – a 61 

radiation considered to have stronger cancerogenic potential compared to UVA.[17] Possibly 62 

the major reason for accepting Irgacure 2959 as “biocompatible” is a low concentration of 63 

free radicals formed upon radiation in UVA region that limits the crosslinking efficiency.[18-20] 64 

The presence of free radicals, dissociated from photoinitiator molecules upon UV activation, 65 

is generally regarded as cytotoxic and even the usage of “non-toxic” free radical 66 

photoinitiatiors (such as Irgacure 2959) should be taken with precaution.[19] Considering the 67 

potential toxicity of free-radicals, the optimal bioadhesive formulation should eliminate the 68 

need of harmful components. Although UVA electromagnetic wave range is regarded as 69 

biologically safe, the potential detrimental effect of high energy exposure should not be 70 

neglected and bioadhesives used for internal organs and tissues should generally require 71 

minimal UV activation energy.[17]   72 

Motivated by clinical potential of bioadhesives we have developed an adhesive hydrogel 73 

formulation which is activated by low energy UV light without the presence of external free 74 
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radical photoinitiators. Our novel bioadhesive is based on poly(amido amine; PAMAM) 75 

dendrimer grafted with  4-[3-(trifluoromethyl)-3H-diazirin-3-yl] benzyl bromide (referred to 76 

as “diazirine” further in text) as presented in Figure 1. Dendrimers in general are well 77 

documented for their biomedical application, mainly related to drug delivery and gene 78 

therapy.[21, 22] Another reason for choosing a water-soluble dendrimer as a backbone system is 79 

the large number of pendant amine (–NH2) functional groups available for reaction and 80 

formation of PAMAM-g-diazirine (Figure 1). Conjugated diazirine generates highly reactive 81 

carbene upon UVA (365 nm) irradiation, which further insets to most C-H bonds of 82 

extracellular tissue matrix without affecting protein conformation and activity.[23, 24] The 83 

design and control over mechanical modulus and adhesive strength of UV-activated 84 

PAMAM-g-diazirine bioadhesive is based on following hypotheses: (i) the mechanical 85 

modulus and adhesive strength of crosslinked PAMAM-g-diazirine can be controlled by 86 

degree of grafted (conjugated) diazirine  on PAMAM dendrimer periphery and the amount of 87 

PAMAM-g-diazirine dissolved in buffer; (ii) due to formation of carbene radicals capable of 88 

forming covalent bonds upon UV activation, irradiated PAMAM-g-diazirine enable rapid 89 

adhesion to tissue interfaces, even within aqueous environments.  90 

We have previously developed two different diazirine-based adhesive systems: 1) diazirine 91 

grafted polymer films,[25] and 2) electrocuring adhesive from diazirine grafted PAMAM 92 

dendrimer.[6] In case of diazirine grafted films, relatively low adhesion strength was achieved 93 

(max. 4.5 kPa) with limited contact with ex vivo tissues, while the electrocuring adhesive can 94 

only be used with conductive surfaces. In order to overcome those limitations, we have 95 

investigated the potential of strong adhesive generated upon UV activation of liquid 96 

PAMAM-g-diazirine formulation. We have limited our investigation to max. 30% of diazirine 97 

conjugation (to insure water miscibility) and to a relatively low irradiation power of max. 21.3 98 

mW cm-2.  The adhesion strength was characterized with ex vivo tissues and the potential 99 
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cytotoxicity of developed bioadhesive has been evaluated as well. The macromolecular 100 

system, reported in this paper, has a strong potential to provide rapid and controllable on 101 

demand bioadhesive formulation for future use in clinical practice.  102 

2. Results and discussion 103 

2.1 Diazirine conjugation on PAMAM dendrimer: SEC and NMR analysis 104 

Diazirine conjugation percentage onto PAMAM dendrimer would eventually determine the 105 

performance of adhesive polymer system. In order to demonstrate the close control over 106 

conjugation reaction (max. 30% to insure water miscibility), and to correlate molecular 107 

composition to mechanical properties, it was necessary to determine the molar masses of 108 

reaction products prior to rheometry and adhesion tests. Diazirine, as the carbene precursor, 109 

was conjugated (grafted, '-g-') onto PAMAM molecules directly by nucleophilic substitution 110 

as illustrated in Figure 1. Grafting of diazirine increased the molar mass of dendrimer, which 111 

resulted in the shift of refractive index peak (Figure 2, solid lines) towards smaller elution 112 

volumes in SEC. This result is in line with the UV absorption data (350 nm, dashed lines in 113 

Figure 2) that show a relative increase in molar mass as a consequence of increased 114 

concentration of conjugated diazirine. The molar mass of PAMAM-g-diazirine conjugates 115 

was calculated from refractive index and multi-angle static light scattering (MALS) analysis; 116 

the established method for absolute molar mass determination from polymers in solution.[26] 117 

The comparative data between pre-determined (theoretical) and experimental values of 118 

diazirine conjugation percentage calculated from SEC experiment are presented in Supporting 119 

Information (Table S1).  120 

PAMAM-g-diazirine conjugates (10-30%) were analyzed with H1 NMR spectroscopy and the 121 

results were compared to pure PAMAM and dizairine reagents (Figure 3). We detected 5 122 

groups of protons and they were assigned from ‘a’ to ‘e’ according to previously reported 123 
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results for PAMAM dendrimer.[27-28] As expected, overlapping of proton signals could not be 124 

avoided due to the complexity of dendrimer structure. Diazirine peaks ‘g’ and ‘f’ correspond 125 

to methylene and aromatic protons respectively. After reaction of diazirine with –NH2 groups, 126 

aromatic proton signals appear as broad peaks as a results of new chemical environment in 127 

complex macromolecular system. Aromatic peaks (‘f’) were integrated in order to calculate 128 

diazirine conjugation percentage. The peak integration and calculation was completed by 129 

using the method from B. Huang et al. (see Supplementary Information).[27] The conjugation 130 

percentages calculated from H1 NMR spectra were compared to both SEC results and 131 

conjugation percentages that were calculated from initial molar ratio of reactants (Table 1). 132 

The consistency of results indicates successful synthesis of PAMAM-g-diazirine with 133 

concentration of diazirine functionalities that is closely controlled by our method. 134 

In principle, –NH2 groups can react twice in nucleophilic substitution and this reaction could 135 

result in both mono- and bis- functionalization of PAMAM end-groups. We recorded C13 136 

NMR spectra of PAMAM-g-diazirine for HMQC 2D spectrum analysis in order to investigate 137 

the possibility of tertiary amine formation (see Supplementary Information). The spectra 138 

recorded for PAMAM-g-diazirine 30% (Figure 3) show that two peaks at 3.56 ppm and 3.71 139 

ppm correspond to tertiary and secondary amine groups. This chemical shift difference pattern 140 

is typical between mono-benzyl and di-benzyl amines.[29-31] Those two structures could only 141 

be accurately detected for the highest conjugation percentage (30%), however, the existence 142 

of tertiary amines should not be excluded from dendrimers with lower concentrations of 143 

conjugated diazirine molecules. Regardless of the diazirine position in the conjugate (mono- 144 

or bis- functionalization), the overall conjugation percentage, or the overall concentration of 145 

grafted diazirine onto PAMAM macromolecules, is the major parameter that determines the 146 

crosslinking density upon UV activation. This parameter in turn should determine both 147 
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dynamic mechanical properties and adhesion strength of PAMAM-g-diazirine bioadhesive 148 

formulation.                149 

2.2 Tunable dynamic mechanical properties of PAMAM-g-diazirine hydrogel 150 

An optical light guide coupled UV light (365 nm) to the transparent base of the rheometer 151 

(Figure 4A) was used to measure the influence of both UV irradiation time and concentration 152 

of diazirine on dynamic mechanical properties. The irradiation intensity was kept constant at 153 

21.3 mW cm-2 in all experiments (as measured by Newport Power Meter 1918-R). The storage 154 

(G´) and loss (G´´) moduli values of 15% conjugated PAMAM-g-diazirine hydrogel, prepared 155 

as 50% (w/w) concentration in PBS, were recorded as representative and monitored during 156 

UV curing at 1 minute “ON/OFF” intervals of UV light (Figure 4B). There was an obvious 157 

increase of measured G’ during UV irradiation of PAMAM-g-diazirine (UV power ‘ON’).  158 

Upon the OFF cycle, G’ plateaued and no further increase was seen as G´ remained stable 159 

until the UV light was turned ‘ON’ again. This cycle was repeated up to 5 times to observe 160 

the cycle dependent changes in G’, denoted as △G´.  △G´ was observed to continually 161 

increase in the first four cycles from 2.73 kPa to 7.24 kPa, but decreases thereafter, likely 162 

indicating the depletion of carbene formation, resulting in fewer intermolecular crosslinks. 163 

(Figure 4B inset). G´´/G´ ratio of crosslinked PAMAM-g-diazirine varied from 10 to 0.1 after 164 

UV activation by alteration of UV irradiation time (Figure S1). The G´´/G´ range is larger 165 

than previously reported dendrimer-based acrylate adhesive (2–0.2).[7] The sol/gel transition 166 

(at G´´/G´ = 1) occurred in less than 1 min which translates into UV activation energy of only 167 

1.3 J cm-2 measured for representative 15% diazirine conjugation percentage (Figure S1).   168 

In order to prevent the mechanical failure or tissue damage, a bioadhesive should have 169 

comparable dynamic mechanical properties to the surrounding tissue and, ideally, tunable 170 

yield stress.[32] In the case of free radical (acrylate) polymerization the chain propagation is 171 
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unpredictable[33] and therefore resulting mechanical properties of crosslinked adhesives could 172 

be difficult to control. As presented in Figure 4B, no chain propagation occurred in our 173 

formulation as the modulus of PAMAM-g-diazirine remained constant in the periods where 174 

UV was switched “OFF”.  This result indicates possibility of fine tuning that can be 175 

accomplished by alteration of UV power and irradiation time. Rheometry results show G’’ > 176 

G’ prior to UV activation for all investigated conjugation percentages and concentrations in 177 

PBS. This result is generally expected for low viscosity liquids such as PAMAM-g-diazirine 178 

formulation. In other words, adhesive formulation takes the shape of the contact surface prior 179 

to crosslinking and this particular feature is important as tissue interfaces can often have 180 

irregular shapes and sizes.     181 

Both G’’ and G’ values were plotted during constant UV power for different diazirine 182 

concentrations in PBS (Figure 4C). Gelation point (the transfer from viscous to viscoelastic 183 

state) occurred as fast as 40 seconds, and a G´ plateau was reached after 4 minutes for 184 

PAMAM-g-diazirine concentrations of 50% and 75%. Lower concentration in PBS (25%) 185 

resulted in slower increase of G´ due to the reduced interaction between dendrimer molecules 186 

within hydrogel matrix. A constant value of storage modulus (plateau) is indicative of 187 

crosslinking saturation, where all available diazirine functionalities have reacted. 188 

Photoproducts from diazirines are generated through several different processes including 189 

formation of carbenes and diazo compounds.[34] In case of PAMAM-g-diazirine both 190 

intermediate species could cause crosslinking as diazo compounds are highly reactive towards 191 

nucleophiles such as –NH2 groups. However, previous studies indicate that aromatic 192 

diazirines mostly generate carbenes;[34] from our observation the crosslinking happens 193 

immediately upon UV activation which also suggests that the generation of carbene is the 194 

predominate crosslinking mechanism.  195 
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The wide range of G´ values recorded from 3.5 kPa up to 225 kPa (Figure 4D), as a function 196 

of both conjugation percentage and dendrimer concentration in PBS, shows the potential 197 

application to match the elasticity or modulus of various tissue types, such as: compliant 198 

tissue (ie. liver, 25 kPa[35]), subcutaneous adipose tissue (10 kPa)[36] and certain types of blood 199 

vessels (ie. artery, 100-400 kPa[37-38]). Adhesive-substrate modulus mismatch is a prime cause 200 

of adhesive failure at the interface.  Whilst it is advantageous for a clinician to activate an 201 

adhesive formulation on-demand, [8, 9] the crosslinking must occur rapidly in order to 202 

physically keep the liquid on intended site.[2] This is particularly important for aqueous 203 

formulations (such as our hydrogel dendrimer) at the hydrophilic tissue interface. In such 204 

cases rapid crosslinking would prevent the wash out by body fluids and would also prevent 205 

deep penetration of the bioadhesive formulation into the tissue structure. The gelation time for 206 

PAMAM-g-diazirine is less than 1 min and the mechanical strength can reach 50% of its 207 

maximum value after only 2 min of UV curing at an irradiation power limited to max. 21.3 208 

mW cm-2; (Figure 4D). This power is less than 10% of the maximum power of the mercury 209 

lamp used in our experiments. Our results demonstrate quick crosslinking that has a potential 210 

to be used in surgical procedures where reaction time is crucial. In particular, endoscopic 211 

approach in MIS procedures such as gastrointestinal operations or vascular anastomosis 212 

require bioadhesives that could be cured rapidly with minimum UV power in order to prevent 213 

possible tissue damage by high UV energy doze.  214 

Grafting of diazirine molecules onto polymer chains offer many new possibilities for 215 

biomaterials design and processing. Good example of such technology was reported by J. 216 

Raphel et al.[39] Authors have demonstrated that diazirine conjugated elastin-like proteins can 217 

be produced in different forms such as micropatterned surfaces and porous scaffolds. This 218 

new approach is of great significance for fabrication of various biomaterials, however, 219 

surgical bioadhesive should be cured rapidly with minimum required UV energy. Unlike our 220 
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PAMAM-g-diazirine which can crosslink in seconds, elastin proteins grafted with diazirine 221 

required timespans ranging in hours.[39] Furthermore, our method for diazirine conjugation 222 

onto pendant –NH2 functional groups of macromolecular system offers a flexible platform for 223 

additional grafting – it opens new possibilities for fabrication of biomaterials incorporating 224 

multiple functionalites, i.e. cellular signaling, drug delivery, optical reporters, etc.   225 

2.3 Ex vivo adhesion strength to blood vessel tissue 226 

Shear adhesion strength of PAMAM-g-diazirine between excised swine artery surface and 227 

PLGA films was evaluated by testing the “sandwich structure” (Figure 5A) in lap-shear mode 228 

under tensile loading.[40] This experimental set-up enabled us to examine the adhesive 229 

dendrimer system in direct contact with hydrated tissue. The irradiation time was fixed to 5 230 

minutes to allow complete crosslinking by all available carbene interaction points, as 231 

discussed in the previous section. A typical stress/strain response of PAMAM-g-diazirine 232 

under lap-shear is presented in Figure 5B for different diazirine conjugation percentages. No 233 

adhesion was observed from pure PAMAM dendrimer used as control. All failures were 234 

visually determined to be cohesive (Figure S2)—fracture was across the bulk of the adhesive 235 

film and not at the tissue or PLGA interface.  Thus adhesion is seen to occur at both synthetic 236 

and natural material interfaces—this also supports the carbene-mediated covalent crosslinking 237 

mechanism (PLGA has no amines present). The linearity of the initial stress-strain responses 238 

indicates that the PAMAM-g-diazirine forms an elastic solid after UV activation, in contrast 239 

to the viscous nature of unmodified PAMAM. The shear modulus (slope of stress/strain 240 

curve) and adhesive strength (maximum shear stress before failure) were calculated from 241 

experimental data and the values are plotted as a function of diazirine conjugation (Figures 242 

5C and D). As expected, adhesion strength and storage modulus both increased with diazirine 243 

conjugation percentage and the results are consistent with rheometry measurements presented 244 

in Figure 4. For example, the adhesive strength increased with PAMAM-g-diazirine 245 
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concentration in PBS from 3.2 kPa to 19.9 kPa for 15% diazirine conjugation. Similarly, the 246 

adhesive strength increased with diazirine conjugation percentage from 10 kPa to 28 kPa for 247 

50% (w/w) concentration in PBS. As expected, maximum adhesion of almost 40 kPa was 248 

obtained for 30% diazirine conjugation and 75% w/w concentration in PBS, far superior to 249 

fibrin glue which has been reported to have an adhesive strength of only 5 kPa.[2, 41]  250 

2.4 Morphology of tissue-adhesive interface 251 

The surface morphology of bioadhesive/tissue interface was evaluated with SEM. Cross-252 

sectional micrographs of the PAMAM-g-diazirine /endothelium interface is shown in Figure 253 

6. For clarity reasons the two phases, tissue and gel, are displayed in different colors (the 254 

original SEM results are presented in Figure S3). The collagen surface layer of the tissue 255 

appears to be infiltrated by adhesive gel, which is expected due to the formation of covalent 256 

bonds at the interface. One product of UV-induced free radical formation from conjugated 257 

diazirine is N2, which forms bubbles during UV irradiation.[6] As the reaction occurs very 258 

rapidly even under relatively low UV power, these bubbles remained trapped after 259 

solidification of gel layer. This “foaming” of diazirine could present a certain advantage of 260 

bioadhesive system: as the foam expands, it increases the specific surface area in direct 261 

contact with tissues. On the other hand, the porous bulk structure might result in lower 262 

mechanical modulus. The amount of foaming can be adjusted through the intensity of UV 263 

activation – visual observations have shown that low intensities (<1 mW cm-1) produce little 264 

to no foaming – presumably N2 dissolves into the surrounding medium (data now shown). 265 

The porous bulk of the material and the adhesive-tissue interface could be observed at higher 266 

magnification (Figure 6, inset) suggesting both covalent and mechanical interlocking 267 

adhesion mechanisms are responsible for the cohesive bulk failure (Figure S2). We also 268 

investigated the presence of PAMAM-g-diazirine residue on ex vivo tissues after adhesion 269 

testing. Tested tissue samples were soaked in water for a prolonged period of time and the 270 
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residual water was analyzed by SEC. No polymer was detected, indicating that PAMAM-g-271 

diazirine forms an insoluble 3D network structure almost immediately after UV activation 272 

(Figure S4).  273 

2.5 3T3 fibroblasts cytotoxicity test: influence of diazirine conjugation and UV-activated 274 

crosslinking 275 

The potential cytotoxicity of PAMAM-g-diazirine was evaluated by measuring the reductive 276 

power of living 3T3 fibroblast cells cultured with PAMAM-g-diazirine, both with and without 277 

UV irradiation. The half maximal effective concentration (EC50) refers to the concentration 278 

of PAMAM-g-diazirine that reduces 50% of cell metabolic activity after 24 hours (Figure 279 

7A). Results show that EC50 concentration of PAMAM-g-diazirine is up to four times higher 280 

than pure PAMAM dendrimer. In other words, PAMAM-g-diazirine is significantly less 281 

cytotoxic than unmodified PAMAM. This reduction in toxicity is thought to arise from 282 

modification of the terminal –NH2 groups to non-cationic amides.[42] PAMAM dendrimers 283 

have the ability to penetrate cell membranes which is desirable in certain drug delivery 284 

applications.[21] In case of tissue regeneration (or bridging of broken tissues) this particular 285 

feature of PAMAM makes it device specific towards antibacterial applications, as the 286 

dendrimer-induced cytotoxicity increases with dendrimer generation.[21] Our results indicate 287 

that diazirine conjugation acts in favor of lowering PAMAM cytotoxicity by reducing the 288 

concentration of –NH2 groups that are exposed to cell contact. It is important to note that UV 289 

irradiation has shown no significant effect to 3T3 fibroblast viability in comparison to non-290 

irradiated samples (Figure 7A). We also quantified fibroblast activity in the environment of 291 

crosslinked PAMAM-g-diazirine films (Figure 7B). There was no significant cytotoxicity 292 

detected after 3 days for PAMAM-g-diazirine 30% in comparison to control (tissue culture 293 

plate) in aqueous medium, indicating intact films with little to no leaching of potentially toxic 294 

monomers or other unknown components. However, lower conjugation percentage (15%) 295 
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showed significant toxicity (*P<0.05; Figure 7B) when compared to cells in culture plate. 296 

Possible reason for this behavior is cell exposure to higher concentration of –NH2 surface 297 

groups (from 15% conjugated dendrimer). Despite the potential adverse effects, dendrimer 298 

surface groups (–NH2) could be used in future to in antibacterial bioadhesives or in grafting 299 

additional bioactive compounds that would facilitate tissue regeneration, for example protein 300 

sequences (such as RGD).[3, 43-44] We speculate that the presence of additionally grafted 301 

bioactive molecules allows a unique flexibility towards multifunctional bioadhesives that 302 

could initiate tissue regeneration simultaneously with tissue adhesion, assuming that the 303 

bioactivity remains after crosslinking.[45] Apart from bioactive molecules, PAMAM 304 

dendrimers offer many possibilities for chemical modification such as grafting of PEG chains 305 

for drug delivery applications[46], covalent attachment of fluorescent dyes and complexes for 306 

magnetic resonance imaging.[47] PAMAM-g-diazirine, described in this paper, opens new 307 

possibilities for development of multifunctional bioadhesives, which could take advantage of 308 

dendrimers in various biomedical applications. 309 

3. Conclusion  310 

We have developed a bioadhesive hydrogel formulation based on diazirine-conjugated 311 

PAMAM dendrimers crosslinked by low-power UV activation.  Our results demonstrate that 312 

mechanical modulus and adhesion strength of crosslinked dendrimer can be tuned by 313 

following parameters: 1) concentration of diazirine conjugated on dendrimer surface; 2) 314 

concentration of PAMAM-g-diazirine conjugate in aqueous medium; and 3) UV activation 315 

energy. The adhesion of PAMAM-g-diazirine to ex vivo swine aorta was investigated and we 316 

conclude that the storage modulus and shear adhesive strength can be tuned by the above 317 

parameters for application to different tissue types. Our novel strategy in development of UV-318 

activated bioadhesives requires no additional components (free-radical UV initiators) in order 319 

to reach the outstanding shear adhesion strength of 40 kPa. In vitro tests with fibroblast cells 320 
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showed that the diazirine binding mechanism does not increase the cytotoxicity; in fact, the 321 

toxicity of PAMAM dendrimer was reduced by diazirine modification. Our novel formulation 322 

has potential for further development with grafting of proteins or protein sequences via the 323 

un-reacted amine groups – an exciting prospect for future tissue adhesives.  324 

 325 

4. Experimental Section  326 

Diazirine grafting of PAMAM dendrimer: Poly (amido amine) dendrimer (PAMAM, 5th 327 

generation, Mw=28.8 kDa, 128 surface amine functional groups) was purchased from 328 

Dendritech, USA. 3-[4-(bromomethyl)phenyl]-3-(trifluoromethyl)-diazirine (Br-diazirine) 329 

was purchased from TCI, Tokyo. Methyl alcohol (MeOH) and glacial acetic acid (AcOH) 330 

were obtained from TEDIA, Singapore. Poly-DL-lactide-co-glycolide (PLGA 53/47) from 331 

Sigma (Singapore) was used as received. Phosphate buffer saline (PBS; Gibco, Singapore) 332 

was used in all experiments. PAMAM-g-diazirine was synthesized by previously developed 333 

method.[6] In brief, PAMAM solution in MeOH (0.5% w/v) was prepared and different 334 

amounts of diazirine were added directly into 5 mL of PAMAM solution (according to 335 

theoretical calculations) in order to obtain different diazirine conjugate percentages (Table 336 

S1; Supporting Information). Examined conjugation percentages in all experiments were in 337 

the range of 5% - 30%. The conjugation reaction was set for 36 hours with stirring under 338 

room temperature. MeOH was removed by vacuum and PAMAM-g-diazirine was collected as 339 

a pale yellow viscous liquid.  340 

Size exclusion chromatography – multi-angle laser light scattering - ultraviolet (SEC-341 

MALS-UV) analysis of PAMAM-g-diazirine conjugate: Agilent 1100 series high-performance 342 

liquid chromatography (HPLC) pump complete with degasser and PLGel aqueous 50 column 343 

in a 35° C oven with refractive index (RI) detector (Agilent Technologies, Santa Clara, CA, 344 

USA) was incorporated with a Wyatt MiniDawn 3-angle light scattering (LS) detector (Wyatt 345 



  

15 

 

Technology Corporation, US) in line. A solution of 1% w/v AcOH (166.7 mmol) with 0.2% 346 

(w/v) NaN3 (30.8 mM) was prepared as the eluent buffer. Pure PAMAM and PAMAM-g-347 

diazirine conjugate samples were dissolved in eluent buffer and the concentration was set for 348 

2 mg mL-1. RI, LS and UV absorption (350 nm) were recorded and processed by Wyatt 349 

ASTRA software (version 5.19.1), Wyatt Technology, Santa Barbara, CA, USA). RI 350 

increment, dn/dc of 0.185 was used for PAMAM with the UV extinction coefficient of 1009.5 351 

mL cm-1 g-1 @ 350 nm. The UV extinction coefficient of Br-diazirine in aqueous medium was 352 

measured as 1009.5 mL cm-1 g-1 @ 350 nm which was used to calculate the experimental 353 

conjugation percentage.[48] PAMAM-g-diazirine (15% modification degree; 75% 354 

concentration in PBS) was tested for residual polymers after UV-activated crosslinking for 5 355 

min at 21.3 mW cm-2. Crosslinked PAMAM-g-diazirine was soaked in DI water for 24 h and 356 

the suspension liquid was analyzed with SEC.  357 

Nuclear Magnetic Resonance (NMR) spectroscopy analysis: Both reactants (PAMAM 358 

dendrimer and diazirine) and PAMAM-g-diazirine conjugates were analyzed with NMR 359 

(Bruker Avance) at 400 mHz with DMSOd6 used as solvent. H1 and C13 depth 135 HMQC 360 

HMBC NMR spectra were collected and analyzed. The peak assignment, 2D spectrum 361 

analysis and peak integration (1H NMR) were performed with SpinWorks 4.2 software. 362 

Dynamic mechanical analysis (DMA) of PAMAM-g-diazirine under UV irradiation: 363 

PAMAM-g-diazirine with each conjugate percentage (5%, 10%, 15%, 20% and 30%) were 364 

prepared into 3 different concentrations (25%, 50% and 75% w/w in PBS balanced at pH = 365 

7.2) and each formulation was pipetted onto a light transparent rheology testing base (P-366 

PTD120/GL, Anton Paar, Austria). The UV light was generated and transferred by a S1000-367 

1B-3188 UV initiator (OmniCure, Canada) with 365 nm UV filter (019-01036). The power 368 

intensity was maintained as 10% intensity setting, which was determined to be 21.3 mW cm-2 369 

(1918-R Power Meter, Newport, Singapore). Dynamic properties were assessed in real-time 370 
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with a quartz parallel plate Physica MCR 501 Rheometer (Anton PAAR, US) at 1% amplitude 371 

@ 1 Hz with 8 mm diameter parallel stainless steel probe (PP08/150, Anton PAAR, US) 372 

maintained at 25 °C with a 100 µm gap. 373 

Shear adhesive strength measurements with ex vivo cardiovascular tissue: Shear 374 

adhesive strength measurements were based on ASTM standard F2255-05. Fresh swine 375 

artery, obtained from a local abattoir, was cut into 40 × 20 mm slides with a thickness around 376 

1 mm (no animal subjects were used for the purpose of experiment). The fat was removed and 377 

the tissue with endothelial (intima) side up was glued with cyanoacrylate adhesive onto a 378 

glass slide (25.4 × 76.2 mm, 1 – 1.2 mm thick, CLP, China). PLGA thin films were processed 379 

by a previously reported method.[25] PLGA samples were cut into a 40 × 20 mm squares and 380 

glued onto glass slides with cyanoacrylate adhesive. PAMAM-g-diazirine in PBS (0.3 mL) 381 

with different concentrations and conjugation percentages were pipetted in between the swine 382 

artery surface and PLGA film. Joined glass substrates were immediately exposed to UV light 383 

(365 nm) through the glass. The UV intensity at the surface of this sandwich structure was 384 

kept constant at 21.3 mW cm-2. An average force of 1.37 ± 0.25 N cm-2 was applied on the 385 

sandwich system during the UV curing by two paper binder clips (SQ-0107, 19 mm width, 386 

SureMark, Singapore). The exact area of the gel (~20 × 20 mm PLGA/tissue overlap) was 387 

calculated by analyzing the photograph in Adobe Photoshop CS2. Shear adhesive strength test 388 

was performed by Series Force Measurement System (Chatillon Force Measurement 389 

Products, USA) at the controlled linear speed of 3 mm min-1 with 10 N loading cell (n = 5).  390 

Scanning electron microscopy (SEM) analysis of ex vivo tissues: The cross-sections of 391 

hydrated artery slides after adhesion test were examined by SEM. The samples were 392 

immersed into 4% (w/w) glutaraldehyde solution in PBS for 1 hour and lyophilized. Cross-393 

section slides were coated with gold for 70 s under a chamber pressure of less than 5 Pa at 20 394 

mA (JEOL JFC-1600, Auto Fine Coater, Japan). Images were obtained by JSM-6340F field 395 
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emission scanning electron microscope (FESEM, JEOL, Japan) at acceleration voltage of 3 396 

kV, emission current of 12 μA and working distance of 8 mm. 397 

Cytotoxicity test: Half maximal effective concentration (EC50) test was performed for 398 

PAMAM-g-diazirine samples of 5%, 15% and 30% diazirine conjugation, using unmodified 399 

PAMAM as control. 3T3 fibroblasts cells (ATCC, Singapore) were used for EC50 test. Cells 400 

were cultured at 37 °C with 5% CO2 in Dulbeco’s modified eagle medium (DMEM) 401 

containing 10% fetal bovine serum (FBS; both purchased from Gibco, Singapore). Cells 402 

suspended by trypsinization were counted and seeded on to 24 well plates (Thermo Scientific, 403 

China). Seeding density was 10,000 cells/well (1 mL of medium) and the cells were pipetted 404 

into 24 well plates (n = 4 for each concentration of test sample). The cells were incubated for 405 

24 hours in order to allow cell attachment on the bottom of the wells and the medium was 406 

replenished prior to addition of dendrimer. The dendrimer concentrations were as follows: 407 

200, 1, 0.1, 0.01 and 0.001 µg mL-1, measured for each conjugation percentage (15% and 408 

30%). Two series of samples were prepared: one set of samples was irradiated with UV (365 409 

nm) at 21.3 mW cm-2 for 5 min while the other set was examined without UV irradiation. 410 

Fibroblast viability was quantified with alamarBlue assay (Thermo Fisher Scientific Inc, 411 

USA) and the fluorescence reading was performed by Microplate reader with 560EX 412 

nm/590EM nm filter settings (Infinite M200, TECAN, Switzerland). The effect of possible 413 

extracts from crosslinked gel on cell viability was also examined with alamarBlue test. 414 

PAMAM-g-diazirine was first spread uniformly on polyethylene terephthalate (PET) slides 415 

(20 × 20 mm with ~20 mg cm-2 of gel) and then fully crosslinked under 365 nm UV 416 

irradiation (21.3 mW cm-2) for 5 min. Cured samples were cut into 4-mm-diameter disks by 417 

BIOPSY punch (4 mm, Mitex, Inc. York, USA) and washed with sterilized PBS buffer. All 418 

the samples were cultured in the medium with fibroblasts cells and the metabolic activities 419 

were examined after 1 and 3 days (n = 4). Statistical analysis was performed using a Student t 420 
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-test by comparing the means of each PAMAM-g-diazirine conjugation percentage. A P value 421 

< 0.05 was considered to be of significant difference. 422 
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Figure 1. Schematic illustration of the diazirine grafting route on PAMAM dendrimer and 514 

reaction pattern of UV-activated crosslinking at the interface between transparent PLGA 515 

patch and ex-vivo tissue (3rd generation PAMAM scheme is presented for clarity reasons).   516 

 517 

 518 
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Figure 2. SEC-MALS-UV signals measured for PAMAM (control) and PAMAMA-g-519 

diazirine with increasing conjugation percentages (solid and dashed lines correspond to RI 520 

and UV-ABS respectively). 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 
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Figure 3. H1 NMR spectra with peak assignment (a-f) of PMMA-g-diazirine conjugates in 534 

comparrison to pure PAMAM and diazirine; the chemical structure presents one branch of 535 

dendrimer after reaction between surface –NH2 group and one molecule of diazirine.  536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 
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Figure 4. Rheometry analysis: A) schematic illustration of the setup for rheometry 545 

measurements with UV activation; B) storage modulus (G´) and loss modulus (G´´) dynamics 546 

with UV activation of PAMAM-g-diazirine (50 wt% PBS, 15% conjugation); C) G´ and G´´ 547 

dynamics upon UV activation with 15% conjugation for different concentrations (25 wt%, 50 548 

wt% and 75 wt%) in PBS, and; D) summary of G´ values for different diazirine conjugation 549 

percentages, concentrations and exposure times. 550 

 551 

 552 

 553 

 554 

 555 

 556 
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Figure 5. Ex vivo shear adhesion tests: A) experimental setup of shear adhesion strength 557 

analysis; B) representative stress/strain curves recorded for different adhesion parameters of 558 

PAMAM-g-diazirine and un-modified PAMAM (control); C) maximum shear moduli before 559 

failure; D) summary of maximum shear strength values before failure as a function of 560 

conjugation percentage and concentration in PBS.  561 

 562 

 563 

 564 

 565 
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 567 

 568 

 569 
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Figure 6. SEM images of PAMAM-g-diazirine at the surface of ex vivo porcine blood vessel 570 

after UV activation; inset represents magnified interface between crosslinked bioadhesive and 571 

endothelial (intima) side of the blood vessel.   572 

 573 

 574 

 575 
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 577 
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 580 
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 582 
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Figure 7. Results from alamarBlue assay: A) EC50 cytotoxicity test of PAMAM-g-diazirine 584 

with 3T3 fibroblast cells mixed with PAMAM-g-diazirine gel after 24 h in culture (control 585 

represents unmodified PAMAM dendrimer); B) cell viability test of 3T3 fibroblast cells 586 

cultured in the medium with immersed crosslinked PAMAM-g-diazirine films;   587 

 588 

 589 
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 602 

 603 



  

28 

 

Table 1. Conjugation percentages of PAMAM-g-diazirine obtained from NMR and SEC-604 

MALS-UV in comparison to expected values from diazirine/PAMAM initial molar ratio used 605 

in synthesis reaction. 606 

 607 

Theoretical 

conjugation (%) 

Conjugation 

calculated from 1H 

NMR (%) 

Conjugation 

calculated from SEC-

MALS-UV (%) 

Conjugation  

calculated from initial 

molar ratio (%) 

 

10 

 

14.6 ± 0.54 

 

13.2 ± 0.6 

 

12.1 ± 0.1 

 

20 

 

22.5 ± 0.54 

 

19.8 ± 0.8 

 

20.1 ± 0.2 

 

30 

 

         31.7 ± 0.54 29.6 ± 1.1 31.4 ± 0.3 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 
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 622 

 623 

 624 
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Table S1. SEC-MALLS-UV analysis of PAMAM-g-diazirine. 733 

a Theoretical and experimental conjugation refers to the percentage of reacted –NH2 groups 734 

(PAMAM) with Br-diazirine (PAMAM-g-diazirine). 735 

b The mass of PAMAM was calculated according to dn/dc (0.185) and the RI signal. 736 

c The conjugated mass of aryl-diazirine was calculated using the UV extinction coefficient at 737 

350 nm after subtracting from PAMAM background signals.  738 

d Molecules with larger molecular weight (Mw) would have lower peak elution volume.  Mean 739 

error is 0.01 mL or less.  740 

e Weight averaged Mw calculated from laser LS and RI signals. 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 

Theoretical 

conjugation 

(%)a 

 

Mass of 

PAMAM 

(µg)b 

 

Mass of 

diazirine 

(µg)c 

 

Peak elution 

volume 

(mL)d 

 

Molecular 

weight 

(Da)e 

 

Experimental 

conjugation 

(%) 

 

0 

 

165 ± 12 

 

0.33 ± 0.42 

 

8.63 

 

28600±400 

 

0.16 

5 206 ± 22 12.5 ± 0.6 8.56 31300±500 4.8 

10 189 ± 13 17.3 ± 0.7 8.52 33400±500 9.3 

15 134 ± 8 20.1 ± 0.6 8.38 35000±600 14.4 

20 155 ± 10 23.7 ± 1.3 8.19 36200±1100 19.9 

30 162 ± 18 32.11 ± 0.8 8.10 39700±1500 28.2 
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Figure S1. (A) Representative 1H NMR spectrum of PAMAM-g-diazirine (30% conjugation) 749 

with peak intensities calculated with SpinWorks software; (B) SEC-MALS-UV results from 750 

PAMAM-g-diazirine (10%-30%) of samples prepared for NMR analysis (straight lines 751 

represent RI and dotted lines represent UV absorbance @350 nm).  752 

 753 

 754 

 755 

 756 
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Calculation of conjugation percentage from NMR proton signal intensities 757 

 758 

The intensities of 1H NMR proton signals ‘a’ and ‘f’ from PAMAM-g-diazirine spectra are 759 

shown in Figure S1A. No UV absorbance was observed around the solvent peaks from SEC-760 

MALS-UV chromatogram (Figure S1B), which confirms that 1H NMR spectra were obtained 761 

for pure conjugates without residual deazirine precursor.  762 

 763 

Peak intensities from 1H NMR spectra were used to calculate conjugation percentages for all 764 

bioadhesive formulations by the following method: 765 

 766 

Number of type ‘a’ protons in PAMAM G5 = 508 767 

Number of type ‘f’ protons in diazirine = 4 768 

Number of surface –NH2 groups in PAMAM G5 = 128  769 

Ia – Intensity of peak ‘a’ 770 

If – Intensity of peak ‘f’ 771 

Conjugation percentage (%) =  

If

4
Ia

508
× 128

× 100% 772 

As an example, Figure S1A shows integrated 1H NMR spectrum of PAMAM-g-diazirine 773 

30%. The conjugation percentage for this particular composition is calculated as follows: 774 

Conjugation percentage (%) =  

If
4

Ia
508

× 128
× 100% =

16.1 + 16.0
4

100
508

× 128
× 100% = 31.7% 775 

 776 

Other PAMAM-g-diazirine compositions were calculated by the same method.  777 

 778 

 779 
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Figure S2.  2D HMQC NMR spectrum of PAMAM-g-diazirine 30%; cross peaks at 3.71ppm 780 

x 52ppm (Ar-CH2-NH-PAMAM) and 3.56 ppm x 57 ppm ((Ar-CH2)2N-PAMAM) represent 781 

mono-benzyl and di-benzyl amine structures.  782 

  783 

 784 

 785 

 786 
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 788 

 789 

 790 

 791 

 792 

 793 
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Figure S3. Ratio between loss modulus (G´´) and storage modulus (G´); diazirine conjugation 794 

percentage of PAMAM-g-diazirine in this test is 15 % and the concentration in PBS ranged 795 

from 25 wt% to 75 wt%. 796 
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Figure S4. Digital photograph of ex-vivo tissue and PLGA sheet after mechanical failure of 814 

PAMAM-diazirine adhesive.  815 
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Figure S5. Cross-section SEM images of the PAMAM-g-diazirine / blood vessel interface after 840 

UV-activated crosslinking.   841 
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Figure S6. PAMAM-g-diazirine residue SEC analysis after UV activation (dash line) of 15%-847 

conjugated dendrimer at 75 wt% concentration (data was compared to SEC results obtained 848 

before UV activation, presented as a solid line).  849 
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