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Abstract 

The importance of bioconjugation reactions continues to grow as the need for cell specific 

targeting and dual therapeutic plus diagnostic medical applications increase.  This necessitates 

new bioconjugation chemistries, synthetic and analytical methods.  With this goal, continuous 

flow bioconjugations were readily achieved with short residence times for strained alkyne 

substituted carbohydrate and peptide biomolecules in reaction with azide and tetrazine 

substituted fluorophores.  The catalyst and reagent-free inverse electron demand tetrazine 

cycloadditions proved more favourable than the azide 1,3-dipolar cycloadditions.  The use of a 

fluorogenic tetrazine fluorophore in a glass channelled reactor chip allowed for intra-chip 

reaction monitoring by recording fluorescence intensities at various positions throughout the 

chip. As the Diels-Alder reactions proceeded through the chip, the fluorescence intensity 

increased accordingly in real-time.  This novel approach to continuous flow bioconjugation 

reaction with monitoring may offer advantages over post-chip analysis. 
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Introduction 

Near infrared (NIR) fluorescence imaging is a dynamic research field fuelled by continued 

advancements in molecular probes and labelling.1  The value of NIR-fluorescence imaging lies in 

its ability to visualise complex and dynamic biological systems in real-time from the nanometre 

(nm) to millimetre (mm) scale.2,3  At the higher nm resolution, research insights into subcellular 

function can be obtained, whereas at mm resolutions differentiation of tissues in living organisms 

is achievable. It is at the lower mm scale that there is potential for medical translational value in 

guiding surgical resections.4  The use of NIR-fluorescence in oncology is growing at a rapid pace 

as it has the ability to produce fluorescence tissue images in real-time during cancer operations. 

These images can improve surgical outcomes by defining tumour boundaries, thereby assisting 

in the removal of all the cancerous growth.5  The first clinical attempts to achieve this suffered 

from a lack of fluorophore / cancer specificity which has led researchers to explore fluorophores 

covalently conjugated to targeting motifs such as peptides, antibodies and synthetic polymers.  

Several of these agents are showing varying degrees of success in clinical trials.6  With this in 

mind, we believe it is worthwhile to begin exploring how the key covalent couplings between 

fluorophore and targeting motif could be performed most efficiently.7  As it would be expected 

that these contrast agents are administered only once and in small doses, their production would 

be favourably suited to flow synthesis.  In addition, optimized flow methods could allow reaction 

times and conditions to be as biomolecule friendly as possible.  The BF2 chelated 

tetraarylazadipyrromethene (NIR-AZA) class of fluorophores 1 offer a robust and adaptable 

framework from which optimal physical and chemical attributes can be obtained through 

synthetic modifications (Fig. 1).8,9   

 

Fig. 1. Customizable framework of BF2-azadipyrromethene (NIR-AZA) fluorophores 1. 
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Reactive handles can be introduced to allow their covalent attachment to biomolecules or 

therapeutics to provide targeted imaging of specific biological regions of interest.  To date, NIR-

AZA derivatives containing activated ester, malemide, azide, and strained alkynes have been used 

for this purpose.10-13  Peptide, antibody and carbohydrates biomolecules and therapeutics have 

been labelled with NIR-AZA fluorophores and used for in vitro cellular and in vivo small animal 

uses.8,14,15  The goal for this piece of work was to exploit the mild conditions of azide and tetrazine 

cycloadditions to develop bioconjugations, in continuous flow, using the NIR-AZA derivatives 2 

and 3 as representative examples (Fig. 2).   

 

Fig. 2.   NIR-AZA derivatives with azide 2 and tetrazine 3 cycloaddition reactive functional groups. 

The bicyclo[6.1.0]non-4-yne (BCN) was chosen as the corresponding reacting strained alkyne unit 

with biomolecules functionalized as graphically shown in Fig. 3A.  It was anticipated that the 

relatively low BCN lipophilicity would be advantageous for biomolecule functionalization and 

substrates could be tested with both 2 and 3 due to its good reaction kinetics for both azide 1,3-

dipolar cycloadditions (ADC) and tetrazine inverse electron demand Diels Alder (iEDDA) 

reactions.18  The fluorogenic nature of the NIR-AZA tetrazine 3 provided an additional benefit for 

this study.16  A key feature of fluorogenic substrates is their low fluorescence quantum yields, 

only becoming strongly fluorescent when they react or bind with a specific substrate.  Fluorogenic 

probes, which modulate their emission from off to on in response to bioorthogonal reactions, 

are highly valued for bio-assays and cellular fluorescence imaging.17  In the case of 3, the tetrazine 

moiety causes excited state quenching but upon cycloaddition reaction, the quenching effect is 
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lost as the product is strongly fluorescent.  It was anticipated that this additional feature would 

be of value as a means of following reaction progress based on intra-chip fluorescence intensities 

(Fig. 3B).   

 

Fig. 3. Bioconjugation reacting stained alkyne and fluorogenic reaction monitoring. A) BCN 

substituted biomolecules; B) Fluorogenic bioconjugation of tetrazine substituted NIR-AZA. 

 

Flow chemistry is an operational mode of synthetic chemistry that continues to gain in 

popularity.19  In flow, micro-reactor channels that are typically a fraction of a mm in diameter 

take the place of traditional batch reaction vessels.  The small dimensions of the reactor channels 

allow for more efficient heat transfer, resulting in greater precision of reaction conditions and 

times.  Furthermore, the micro-reactor technology has attractive safety, environmental and 

economic benefits.  Reaction scale-up can be readily achieved by continually running the process 

for longer periods, termed scaling-out.20  Flow reaction products are most often analysed after 

the reaction mixture exits the reactor (e.g. by HPLC, UV-Vis, MS) but if narrow glass channels are 
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used in the flow reactor this offers the possibility of intra-chip analysis as the reaction proceeds.  

Infra-red and nuclear magnetic resonance spectroscopies are methods that have been 

successfully applied to intra-chip reaction monitoring.21,22 To date, the use of fluorescence to 

monitor organic reactions as they proceed in flow remains unexplored.23   

Bioconjugation chemistries are near universally performed as relatively small-scale batch 

reactions under mild temperature conditions due to the sensitive nature of bio-molecules.  Such 

reactions would appear ideally suited to flow chemistry, though few have been performed in this 

manner.  As example, it has been employed for the rapid synthesis of 18F radiolabelled proteins 

used for PET imaging.24  Bovine serine albumin (BSA) and myoglobin proteins have been 

radiolabelled, within minutes, by amide covalent linkage using the activated ester reagent N-

succinimidyl 4-[18F] fluorobenzoate via coupling with lysine residues on the proteins.25 In a similar 

vein, fluorescent BSA has been produced through in-flow lysine conjugation with fluorescein 

isothiocyanate.26  A flow apparatus has also been employed to achieve biotin labelling of the 

antibody trastuzumab Fab.  Selective labelling of a specific lysine residue was achievable with a 

biotin active ester reagent in 30 min with only one biotin unit incorporated per light chain.27  A 

distinct advantage of such amine coupling reactions is that reactions conditions are mild and do 

not require catalysis.  Biorthogonal reactions can also meet these criteria and they have been 

explored as alternatives to the traditional conjugation chemistries.  For example, ADC and iEDDA 

reactions can be achieved under the mildest of conditions though substituents strongly influence 

reaction efficiency.28,29  Investigations of biorthogonal reactions using strained alkynes have 

identified the most suitable reacting partners.30  These reactions can proceed in mild aqueous 

conditions, without the need for a catalyst, with either azide or tetrazine substrates. To the best 

of our knowledge, true biorthogonal coupling partners of these types have not been conducted 

in-flow though a few Cu catalysed variants have been reported.26,31,32 

Results and Discussion  

Azide functionalized NIR-AZA 2 and the fluorogenic tetrazine NIR-AZA 3 were synthesized 

following previously published routes.12,16  Five BCN derivatives were chosen as strained alkyne 

substrates, the endo and exo BCN-OH 4a, b were used as model reactants and three 
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representative bio-substituted derivatives functionalized with carbohydrate 4c and peptide 4d, 

e biomolecules (Fig. 4).  Derivative 4c containing a 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-α-D-

glucopyranose unit was selected as the 18F analogue of 2-deoxy-D-glucose is widely used for PET 

imaging of tumours due to the abnormally high rates of glycolysis of cancer cells.33  The BCN-

peptide 4d contains the 24-mer linear peptide QIRQQPRDPPTETLELEVSPDPAS-OH (AD-01) which 

has been shown to be effective for eradicating treatment resistant cancer stem cells.34,35  AD-01 

was derived by Robson et al from the FKBPL protein, and as a therapeutic peptide exhibits 

antiangiogenic properties and has completed phase 1 clinical trials for the treatment of ovarian 

cancer.  The linking of bio-molecular drugs with imaging agents to combine therapeutic and 

surgery guiding capacities into a single theranostic entirety is particularly applicable for ovarian 

cancers.36  The cyclic c(RGDfK) peptide component of 4e is well recognized for its ability to target 

integrin transmembrane proteins overexpressed on cancer cells.37  As several c(RGDfK) 

derivatives have entered clinical trials as tumour therapies and diagnostic imaging agents, 

covalent labelling with NIR-fluorophores is particularly attractive.38 

Synthesis of BCN derivatives 4a-e 

The (bicyclo[6.1.0]non-4-yn-9-yl)methanol endo and exo derivatives 4a, b were synthesized 

starting from commercially available cyclooctadiene and ethyl diazoacetate as per literature 

procedures.39  The BCN derivatives 4c-e, were synthesized using (1R,8S,9s)-bicyclo[6.1.0]non-4-

yn-9-ylmethyl N-succinimidyl carbonate 5 as the reagent to provide the BCN functionalised 

biomolecules through a carbamate linkage (Fig. 4).  Specifically, synthesis of the BCN substituted 

biomolecules 4c-e was achieved as follows; 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-α-D-

glucopyranose was liberated from the hydrochloride salt by sodium hydrogen carbonate and 

reacted with 5 in the presence of 4-dimethylaminopyridine in DMSO at rt for 2 h. The product 

was extracted in DCM yielding 4c a colourless solid in 92%.  Therapeutic peptide sequence 

QIRQQPRDPPTETLELEVSPDPAS-OH was synthesized by solid phase peptide synthesis (SPPS) on 

an Fmoc-Ser(tBu)-Wang resin.34  The pegylated spacer unit with a terminal protected amine, 

Fmoc-NH-(PEG)3-COOH, was coupled to the N-terminus of the resin bound peptide to introduce 

a distinct spacer and amino conjugation group.  Following Fmoc-amine deprotection and 

cleavage from the resin, the peptide was isolated after extraction and lyophilization. BCN 
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functionalization was achieved by rt reaction with 5 in DMSO for 2 h and preparative HPLC 

purification gave the linear peptide-BCN derivative 4d which was confirmed by high resolution 

MALDI-TOF mass spectrometry.   

 

Fig. 4.  BCN strained alkyne functionalized biomolecules 4a-e. 

Similarly, the c(RGDfK) BCN derivative 4e was readily synthesized by reacting cyclo[Arg-Gly-Asp-

D-Phe-Lys(PEG-PEG-NH2)] with 5 in DMSO for 1 h at rt with product confirmed by HPLC and high 

resolution MALDI-TOF mass spectrometry (Fig. 4). 

In-Flow Bioconjugation Reactions 

In-flow bioconjugations were conducted in either a 1000 or 250 µL glass micro-reactor chip 

equipped with two piston pumps capable of variable flow rates from 2.5 – 250 µL/min, allowing 

a range of different residence times to be screened.40  Reagent solutions were pumped into the 

chip via PTFE tubing from pressurized containers.  The reactor chip temperature was controlled 

by a heating/cooling plate and the system was pressurised up to 7 bar by a back pressure 

regulator.  ADC products 6a-c and iEDAA products 7a-e were collected and analysed by HPLC 

(Scheme 1).  
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Scheme 1.  Schematic of the experimental set up for bioconjugations of 2 and 3 in continuous 

flow.  Chip image shows portion of reactor chip used with glass channels of diameter 250 microns. 

 

Initial investigations of flow conditions for the reaction of 2 (0.5 mM) used 4a as model substrate 

in a ten-fold equivalence excess at 80 °C.  Following a 20 min residence time under these 

conditions, complete conversion to product was obtained as judged by HPLC analysis (Table 1, 

entry 1).  Decreasing the reaction temperature to 40 °C, with all other conditions maintained, 

gave a decreased conversion of 60% (entry 2).  Further variations were screened with a focus on 

minimizing the residence time and equivalents required yet maintaining complete conversion 

(entries 3-5). Optimal conditions were identified as a higher 1 mM concentration of 2 and 5 equiv. 

of 4a giving complete conversion to product 6a in a 10 min residence time (entry 6).  Similar 

trends were seen in the results for the exo isomer 4b with full conversion maintained at 10 equiv. 

but lowering to 87% for 5 equiv. with a 10 min residence time while lowering the temperature 

significantly reduced conversion (entries 8-11).  These conditions were then investigated for the 

glucosamine BCN derivative 4c.  At 5 equiv. 89% conversion to 6c was achieved which could be 

increased to 96% by extending the residence time to 15 min (entries 11, 12). Upon reducing the 

equiv. to 2.5 fold excess the reaction did not reach completion (entries 13, 14).  As equimolar 
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reaction conditions with 2 were proving a challenge and given the high temperature required to 

achieve complete conversion, reactions with peptide derivatives 4e and 4f were not explored.  

These results show that azide/alkyne conjugation in-flow is achievable, though purification would 

be required to remove excess reagents and conditions may not be suitable for heat sensitive 

biomolecules.  

Table 1 Flow ADC experiments with azido substituted fluorophore 2 

Entry 2 conc (mM) 4 
Equiv. 
2 : 4 

Product Temp (°C) Res. time (min) Conver. (%)a 

1 0.5 a 1 : 10 6a 80 20 99 
2 0.5 a 1 : 10 6a 40 20 60 
3 0.5 a 1 : 10 6a 80 10 >98 
4 0.5 a 1 : 5 6a 80 10 64 
5 1 a 1: 2 6a 80 10 80 
6 1 a 1 : 5 6a 80 10 96 
7 0.5 b 1: 10 6b 40 20 56 
8 1 b 1: 10 6b 80 10 >98 
9 1 b 1: 5 6b 80 10 87 

10 1 b 1: 10 6b 40 10 54 
11 1 c 1: 5 6c 80 10 89 
12 1 c 1: 5 6c 80 15 96 
13 1 c 1: 2.5 6c 80 10 76 
14 1 c 1: 2.5 6c 80 15 86 

a determined by HPLC detector at 650 nm. 

Next, the iEDDA reaction of tetrazine fluorophore 3 with BCN derivatives was investigated at a 

concentration of 1 mM.  Condition screening began with the 40°C reaction of 5 equiv. of 4a which 

yielded complete conversion after a 10 min residence time, clearly showing an enhanced 

reactivity of iEDDA over ADC reactions (Table 2, entry 1).  Encouragingly, reduction of residence 

time to 5 min with a 2-fold excess of 4a relative to 3 also gave complete conversion (entry 2). 

Optimal conditions were identified as 1 equiv. of 4a at 40°C with a 5 min residence time (entry 

3), as reduction of the residence time to 2.5 min lowered the conversion to 85% (entry 4).  As 

previously observed, the exo isomer 4b gave marginally lower 90% conversion under the same 

conditions (1 equiv., 40°C, 5 min residence time) (entry 5).  Pleasingly, the optimal conditions 

were readily transferred to the glucose and peptide derivatives 4c, d and e, each achieving near 

perfect conversions of 95%, 97% and 97% respectively (entries 6-8).  A distinct advantage of the 
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milder tetrazine iEDDA bioconjugations is that that the peptide derivatives 4d and e were viable 

and these equimolar reactions remove purification requirements. 

Table 2  Flow iEDDA experiments with tetrazine substituted fluorophore 3 

Entry 3 conc (mM) 4 
Equiv. 
3 : 4 

Product Temp (°C) 
Res. time 

(min) 
Conver. 

(%)a 

1 1 a 1 : 5 7a 40 10 >98 
2 1 a 1 : 2 7a 40 5 >98 
3 1 a 1 : 1 7a 40 5 95 
4 1 a 1 : 1 7a 40 2.5 85 
5 1 b 1 : 1 7b 40 5 90 
6 1 c 1 : 1 7c 40 5 95 
7 1 d 1 : 1 7d 40 5 97 
8 1 e 1 : 1 7e 40 5 97 

a determined by HPLC detector at 650 nm. 

 

Intra-chip fluorogenic bioconjugation monitoring 

Monitoring the progress of a reaction is fundamental to a successful procedure optimization.  

Most often for flow reactions, analysis is undertaken ‘post-chip’ by HPLC following exiting of the 

product from the reaction chip.  Other analytical methods such as UV-vis spectroscopy and mass 

spectrometry can be performed ‘in-line’ by directing the exiting flow path through a specialized 

cuvette for reaction analysis.19a,41  Due to the iEDDA fluorogenic nature of 3, it was anticipated 

that an entirely unique ‘intra-chip’ reaction progress monitoring could be achieved for its 

bioconjugations as fluorescence intensity could be related to conversion to products 7.  

Importantly, as there is a continuous and laminar flow of reactants and product through the glass 

channels of the chip, there is no mixing between different regions of the chip.  As such, it was 

expected that simultaneous monitoring of fluorescence intensity from different chip zones would 

allow reaction progress to be continually observed from start to completion in real-time.  This is 

of added value for condition sensitive bioconjugations as it may reduce or eliminate the need for 

purification, minimizes sample handling and allows for continuous monitoring of conversions as 

the reaction is scaled-out in time.  

The apparatus setup for ‘intra-chip’ monitoring consisted of a fibre optic illumination source at 

630 nm wavelength and a near infra-red CCD camera positioned above the chip to continuously 
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collect emissions of wavelength longer than 650 nm from the entire chip as the reaction 

progressed (Scheme 2).  For analysis, the entire chip was software segmented into six field of 

view (FOV) zones (1-6) of equal area allowing conversion progression to be gauged at different 

positions (Scheme 2, Fig. 7, inset).  Data was analysed with Image-J software to give fluorescence 

intensity values at the varying zones of the chip.  Confirmation that homogeneity of the 

fluorescence detection at different chip positions was achieved by measuring the different zones 

when the chip was loaded with solutions of model fluorophore 8 at different concentrations.   

 

Scheme 2.  Apparatus setup for intra-chip fluorescence monitoring for continuous flow iEDDA 

reactions. Fluorescence intensity analysed in Image-J showed a sequential increase for each FOV 

zone from (1) to (6) due to increased reaction conversion. 

 

Next, a study of concentration versus fluorescence intensity was undertaken using 8 to gain 

insight into the potential impact of the inner filter effect on intra-chip fluorescence 

measurement.  The inner filter effect is a known occurrence in which fluorescence intensity does 

not correlate linearly with fluorophore once the concentration exceeds a specific threshold due 

to reabsorption of emitted light. This, as well as excitation light being attenuated by the sample, 

particularly affects fluorescence intensity measurements. As optimal flow reaction 

concentrations are relatively high in the mM range, this potential restriction needed to be 

considered.  Advantageously for flow reactions, the inner filter effect is also dependent upon 

light path length which in a typical spectrometer cuvette would be 10 mm, whereas the glass 
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microfluidic reaction channels are only 0.25 mm in diameter (Scheme 1, chip image).  For 

comparison, the emission intensities from 8 at concentrations ranging from 1 M to 1 mM were 

recorded in a 1 cm cuvette measured in a spectrometer and the glass reactor chip using the setup 

described above.  The fluorescence intensity versus concentration profile of 8 in a 1 cm path 

length cuvette shows a reasonably linear profile from 1 to 20 M, but beyond 30 M intensity 

dramatically decreases reaching 15% of maximum at 200 M (Fig. 5).  In contrast, in the reactor 

chip with channels of 0.25 mm diameter, the concentration range for increasing response was 

significantly extended up to and beyond 0.2 mM (Fig. 5). As numerous positions within the 

reaction chip can be read simultaneously, it was anticipated that this would permit reaction 

progress monitoring even if the fluorescence intensity did not increase in an entirely linear 

manner with conversion.  

 

Fig. 5.  Fluorescence intensity versus concentration profile of 8 in a 1 mL cuvette (solid line) 

with excitation at 630 nm and in a reactor chip (dashed line) comprising 0.25 mm diameter 

glass channels. RHS: top, 0.25 mm micro-reactor chip channel; bottom: 1 cm cuvette. 

Reaction conversion tests were carried out to correlate the fluorescence intensity using the 

representative reactions of 4a and 4c with 3 at a concentration of 1 mM.  Flow experiments were 

conducted using 4a or c at 0.25, 0.5, 0.75, and 1 equiv. relative to 3 and the fluorescence readings 

were recorded in chip FOV zone (6) where the reactions would have reached full conversion. 

Encouragingly, the intensity values for each experiment, which equate to 25, 50, 75 and 100% 
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conversions, were distinguishable from each other at the optimal reaction concentration of 1mM 

(Fig. 6). 
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Fig. 6.  Fluorescence intensity data analysis of reactor chip FOV zone (6) represented as bar 

graph for the reaction of 3 with varying equivalence of 4a (grey) and 4c (black). 

Next, under the optimized reaction conditions (1 mM conc, 1:1 equiv, 40 °C, 5 min) the in-flow 

reactions of 3 with 4a, 4c and 4e were analysed for their fluorescence intensity simultaneously 

in chip zones (1) to (6).  Plotting of the fluorescence intensities for each zone area showed how 

intensity increased in each subsequent zone as conversion to products increased until it 

plateaued at completion (Fig. 7).   

 

Fig. 7. Fluorescence intensity readouts at chip FOV zones (1) to (6) for 1 mM concentration 

reaction of 3 with 4a (dotted line), 4c (solid line) and 4f (dashed line).  Flow conditions 1:1 equiv. 

of reagents, 40 °C, 5 min residence time.  Inset shows fluorescent image of glass reactor chip with 

FOV zones used for analysis.  
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Looking to the future, it could be envisaged that this ability to intra-chip monitor reaction 

progress could be used to make the system fully automated with continuous monitoring as a 

reaction is scaled-out in time.  A calibrated fluorescence readout could feed back to a reaction 

control system to alter parameters such as flow rates, residence times and temperatures as 

required and could lead to fully automated self-monitoring flow synthesis. 

Conclusions 

In conclusion, an in-flow study of azide and tetrazine cycloadditions with functionalized strained 

alkyne substrates has shown the suitability of these reactions for bioconjugation of NIR-AZA 

fluorophores to biomolecules.  Optimal reaction conditions for tetrazine / BCN cycloadditions 

were very favourable, requiring only a 5 min residence time at a mild 40 °C.  The combination of 

in-flow techniques with iEDDA tetrazine chemistry is very applicable to bioconjugation reactions.  

Due to the fluorogenic nature of the tetrazine-NIR-AZA derivative, it was possible to show for the 

first time that increasing fluorescence intensity could be exploited for intra-chip reaction 

monitoring.  This advantageous feature is currently being progressed towards self-optimizing 

reactions in which a fluorescence signature of the product can be distinguished from reacting 

substrates, the results of which will be reported upon in due course.   
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