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SUMMARY

Bioorthogonal conjugation techniques offer a powerful and flexible approach for the modular construction of 

multifunctional biomolecules, such as bispecific antibodies. In this study, we systematically compared two 

inverse electron demand Diels-Alder (IEDDA) reactions, between tetrazine and either trans-cyclooctene 

(TCO) or bicyclo[6.1.0]nonyne (BCN), to generate chemically conjugated bispecific antibody constructs. 

We applied a design of experiments (DoE) framework to explore how various reaction parameters influence 

conjugation efficiency. The two systems exhibited distinct reactivity patterns: the BCN-tetrazine reaction 

proved to be more robust, while the TCO-tetrazine ligation showed a more complex dependency on reaction 

time and temperature. To assess biological functionality, the bispecific constructs were evaluated by ELISA, 

confirming preserved antigen-recognition after both conjugation strategies. Both strategies consistently 

yielded bispecific constructs with comparable physicochemical and functional profiles. These insights 

support the application of this chemical conjugation strategy as a rapid, tunable, and modular platform for 

early-stage multispecific antibody development.

INTRODUCTION

Cancer remains one of the most pressing global health chal

lenges, responsible for one in six deaths according to WHO 

data.1 Mortality rates continue to rise globally, emphasizing the 

high unmet need for improved and more precisely targeted treat

ment strategies. Over the past two decades, advances in diag

nostics and therapeutic modalities, particularly antibody-based 

biologics, have revolutionized cancer therapy.2–6 Antibody- 

drug conjugates (ADCs) and bispecific antibodies (bsAbs) have 

emerged as powerful tools in the oncologist’s toolkit, offering 

targeted delivery of potent cytotoxins and targeted immune acti

vation, enhanced selectivity over conventional antibodies, or 

enhanced internalization by co-targeting a highly trafficked re

ceptor, respectively.7–12 Bispecific antibody-drug conjugates 

(bsADCs)13 aim to combine these functionalities, providing 

enhanced delivery of the toxic payload compared to conven

tional ADCs. However, their clinical translation has been held 

back by a laborious manufacturing process. Traditional produc

tion of bsAbs and related constructs14–22 relies on complex 

protein engineering and mammalian cell expression, posing 

challenges in scalability, cost, and chain-pairing fidelity.23 In 

MOTIVATION The field of bispecific antibody generation has traditionally been dominated by the expression 

of fusion proteins, a class of methods heavily optimized over the past 30 years. Competitive chemical 

methods have only recently begun emerging and are yet to be optimized to any comparable extent, making 

their wide-scale adoption difficult. Our manuscript addresses this unmet need by providing a detailed reac

tivity landscape for the chemical assembly of antibody fragments using IEDDA reactions. 
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response, bioorthogonal click chemistry has gained prominence 

as a powerful, modular alternative, offering high specificity, rapid 

kinetics, and compatibility with aqueous conditions. This class of 

reactions, recognized by the 2022 Nobel Prize in Chemistry, en

ables the selective functionalization of biomolecules under mild 

conditions,24 making it especially valuable for constructing 

bsAbs, ADCs, and bsADCs. Systematic investigation of the sta

bility and orthogonality of click handles has been recently re

ported, concluding that even widely regarded ‘‘bioorthogonal’’ 

functionalities may suffer from hydrolysis, redox sensitivity, or 

unintended cross-reactivity in multistep workflows.25 These in

sights are particularly relevant in the context of antibody modifi

cation, where reducing agents or specific buffer components 

may compromise the efficiency of conjugation.

Fab-Fab constructs are a class of bispecific antibodies, that, 

similarly to other fragment-based formats such as BiTEs, 

DARTs, and tandem scFvs, possess no Fc component.26 The 

study we present herein centers on the chemical assembly of 

Fab2-type bispecific antibody constructs using two inverse elec

tron-demand Diels-Alder (IEDDA) ligation systems: the classical 

IEDDA reaction involving trans-cyclooctene (TCO) and its alter

native; bicyclononyne (BCN) with tetrazine. These ligations offer 

biocompatibility and are among the fastest known bioorthogonal 

reactions,27–29 forming stable pyridazine or dihydropyridazine 

products. Click chemistry-based chemical conjugation offers 

several advantages over recombinant bsAb expression.30 These 

modular approaches enable precise control over conjugation 

stoichiometry and site, avoid chain mispairing, and allow easy 

diversification with small molecule cargo. Moreover, chemical 

assembly can be scaled rapidly, suiting both preclinical develop

ment and personalized medicine applications. Our goal was to 

optimize these ligation strategies and evaluate the physico

chemical properties of the resulting bispecific antibodies.

Combining advances in the fields of bioconjugation, antibody 

engineering, and click chemistry enables access to diverse mole

cules and functions hard to access via other means. Constructs 

such as multispecific checkpoint inhibitory T cell engagers 

(CiTEs) and bsADCs exemplify cutting-edge developments 

enabled by combining these approaches.31 With an increasing 

number of bsADCs entering clinical trials, there is a clear demand 

for scalable and robust ways of generating these biologics. Our 

findings contribute to these efforts and demonstrate that chemical 

Figure 1. Design of Fab derivatives used in 

Fab-Fab crosslinking experiments 

The scheme shows Fab-BCN, Fab-TCO, and Fab- 

Tz constructs, generated via Br2PD-based disul

fide rebridging.

conjugation of Fab2-type bsAbs and 

bsADCs utilizing optimized BCN and 

TCO IEDDA ligations are not only feasible 

but potentially superior in flexibility and 

cost-efficiency over expression-based 

production. In this study, we intended to 

provide a comprehensive chemical frame

work for producing bispecific antibody- 

based therapeutics using bioorthogonal click chemistry that might 

be useful for translating the promise of personalized immuno

therapy into widespread clinical practice.

RESULTS AND DISCUSSION

The systematic assessment of TCO and BCN-based ligation 

involved a full-factorial design of experiments (DoE) approach 

that explores the impact of key variables on ligation efficiency, 

including concentration, pH, reaction time, and temperature. 

We also compared the stoichiometric requirements of TCO- 

and BCN-derived constructs to aid cost-effective production. 

Next, the antigen targeting capabilities of the resulting Fab2-con

jugates were validated by ELISA, confirming unaffected recogni

tion of HER2 and CD20 epitopes.

Scientific approach

Fragment antigen-binding (Fab) units represent advantageous 

antibody-derived platforms that retain high-affinity and selective 

antigen recognition, while providing a technically tractable and 

well-defined format for controlled site-specific chemical func

tionalization and subsequent protein-protein conjugation.32–36

Unlike full-length IgGs that contain multiple interchain disulfide 

bonds across their heavy and light chains, each Fab contains a 

single, conserved interchain disulfide bridge between its con

stant regions.37 This architectural simplicity renders Fabs 

amenable to controlled chemical manipulation: selective reduc

tion of the sole disulfide bridge liberates two reactive nucleo

philic thiol groups, which can be rebridged with a suitable dually 

reactive electrophile. In this manner, a single molecule can be in

serted per Fab, allowing for tight control of the number and type 

of functional handles installed per protein unit. Consequently, 

Fabs offer an ideal starting point for generating defined antibody 

conjugates and bispecific constructs. Taking advantage of this, 

and building on previous work,30,38–42 we generated disulfide-re

bridged Fab derivatives bearing orthogonal click handles to 

serve as building blocks for bsAb-assembly. Our synthetic ef

forts focused on preparing three distinct Fab formats: Fab×TCO, 

Fab×BCN, and Fab×Tz (each harboring a unique click-reactive 

moiety: trans-cyclooctene, bicyclo[6.1.0]non-4-yne, or tetrazine, 

respectively) that enables subsequent rapid coupling under 

catalyst-free conditions (Figures 1 and S1).
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In this approach, controlled functionalization of Fabs is 

enabled by reduction and rebridging of the interchain disulfide 

bond. We employed tris(2-carboxyethyl)phosphine (TCEP) as a 

mild, thiol-specific reducing agent at a 50-fold molar excess 

for 1.5 h at 37◦C. This condition efficiently liberated the two 

free thiol groups. After reduction, Fab proteins were reacted 

with the Br2PD-based rebridging agents (Figure 1), enabling re- 

formation of the covalent linkage between the heavy and light 

chains of the Fab alongside installation of a click handle. All con

jugations (Figure 1) were monitored by SDS-PAGE, and products 

were confirmed by electrospray ionization mass spectrometry 

(ESI-MS) measurements, with excellent agreement between 

calculated and observed masses for all Fab conjugates.

Reactivity landscape

To enable reliable interpretation of the optimization experiments, 

we first established a Fab2 reference standard (Figure 2). 

Fab×BCN or Fab×TCO constructs were reacted in a 1:1 molar 

ratio with Fab×Tz in PBS (pH 7.4) and incubated overnight under 

argon at 37◦C. The resulting Fab2 conjugates were purified by 

size-exclusion chromatography (SEC), and the collected frac

tions were analyzed by SDS-PAGE and mass spectrometry 

(Figure 2). The MS data confirmed the expected masses for 

the ligated Fab2 products made with both Fab×BCN (calculated: 

96,295 Da; found: 96,295 Da) and Fab×TCO (calculated: 96,315 

Da; found: 96,315 Da), validating these constructs as reliable 

external standards for subsequent quantification.

Next, to investigate the influence of reaction conditions on 

conjugation efficiency, we employed a 24 full factorial experi

mental design with five center points assessing the effects of 

temperature, pH, reaction time, and initial concentration. 

Protein-protein conjugation efficacy was estimated as MS- 

quantified yield of the Fab2 products (Tables 1 and S1). To enable 

accurate and reproducible quantification, samples were supple

mented with unconjugated Fab as an internal standard. As 

described above, purified Fab2 product was used as an external 

Figure 2. General scheme of Fab-Fab crosslinking reactions and analytical characterization of the conjugates 

(A) General scheme of bioconjugation reaction to generate FabHER2×FabHER2 constructs. 

(B) SDS-PAGE, where the lanes are M: protein marker, 1: crude Fab2 product made of Fab×BCN, 2: SEC-purified Fab2-type product made of Fab×BCN, 3: crude 

Fab2 product made with Fab×TCO, 4: SEC-purified Fab2 product made with Fab×TCO. 

(C) Mass spectrometry results showing the mass of the produced FabHER2×FabHER2 constructs.
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reference. This was defined as 100% yield. The reactions were 

then analyzed under identical LC-MS conditions and the ratio 

of the Fab2 MS signal intensity to that of the external reference 

was calculated to determine the yield of the protein-protein 

conjugation. For each reaction, the yield was defined as the rela

tive amount of Fab2 formed under the given conditions, ex

pressed as a percentage of the theoretical maximum (100% re

action efficacy).

The full factorial design revealed the significant effects of con

centration, pH, and time, as well as the notable interactions 

involving temperature (Table S2). Replicates at the center point 

showed good reproducibility, with yields of 60.6 ± 6.6% and 

71.8 ± 5.5% for the BCN and TCO series, respectively. The high

est yield for the BCN-based ligation technique was obtained un

der mild acidic conditions (pH 5) and high initial concentrations 

(100 μM), especially at lower temperatures (4◦C–20◦C). Interest

ingly, temperature alone did not significantly impact the yield (p = 

0.575), indicating that BCN-Tz reactivity is relatively robust 

across the tested temperature range. Graphical representation 

of the parameter space (Figure 3A) highlighted a clear preference 

for lower pH and higher reactant concentrations, providing a 

rational basis for selecting optimal conditions.

For the TCO-Tz-based IEDDA reactions, similar analysis re

vealed a more complex reactivity pattern (Figure 3B). In addition 

to pH and concentration, statistically significant interaction was 

observed between temperature and time (p = 0.0112; Table S2) 

suggesting kinetic control under certain conditions. Specifically, 

short reaction times at elevated temperatures, and prolonged in

cubations at low temperatures both resulted in high yields. These 

trends were visualized in Figure 3B indicating strong tempera

ture-time dependency as a distinctive feature compared to the 

BCN-Tz system. As with BCN-Tz reactions, acidic conditions 

(pH 5) and high reactant concentrations (100 μM) promoted 

product formation.

When comparing the click reactions directly, we found no sta

tistically significant difference in the achievable yields under the 

optimized conditions (Figure 4). A Kolmogorov-Smirnov test 

further confirmed this equivalence (p = 0.718). The temperature 

and pH dependencies followed nearly identical trends, and 

neither concentration nor time alone influenced the yields signif

icantly. The only practical distinction was the temperature-time 

interaction in TCO-Tz reactions, requiring tailored optimization 

depending on thermal and temporal constraints. However, since 

both systems performed best at lower temperatures (4◦C–20◦C), 

this does not influence their synthetic utility. Overall, both click 

strategies provide robust and tunable platforms for Fab-Fab 

conjugate formation under mild conditions.

To further optimize the click conjugation reactions, we sys

tematically investigated the effect of the molar ratio of the reac

tants by varying the equivalents of BCN or TCO relative to the tet

razine-modified counterpart (Figure 5; Table S3). Reactions were 

performed using 0.5, 0.9, 1.0, 1.1, or 1.5 equivalents of the dien

ophile (BCN/TCO) partner. In the case of the BCN-tetrazine liga

tion, we observed that a slight excess of the Fab-Tz moiety 

(particularly 1.1 eq. Fab-Tz) resulted in the highest yield (87 ± 

7%). This finding is consistent with the previous observations30

that confirmed the benefit of a slight molar excess of the tetra

zine. In contrast, for the TCO-Tz ligation, we found that equimolar 

amounts (1:1) of Fab-TCO and Fab-Tz provided optimal conju

gation (86 ± 12%), with no significant improvement upon the 

addition of excess Fab-Tz. This difference likely reflects the 

inherently faster kinetics and higher reactivity of the TCO-Tz 

IEDDA reaction, which proceeds efficiently without requiring an 

excess of either component. These findings emphasize the 

importance of fine-tuning the stoichiometry of reactants based 

on the specific click partners used, and they provide practical 

guidance for efficient bioconjugation setup.

Product feature landscape

Using our optimized conditions, we set out to produce bsAb-dye 

conjugates to exemplify the utility of our method. We performed 

a two-step, one-pot procedure (Figure 6A) using a dibenzocy

clooctyne (DBCO) containing click-enabled TAMRA dye and 

a dual-reactive Fab (FabCD20×Tz-N3) alongside either 

FabHER2×BCN or FabHER2×TCO. TAMRA-DBCO would then 

react with the N3 click handle in an orthogonal fashion to 

the IEDDA reactions between Tz and BCN or TCO to generate 

FabHER2×FabCD20×TAMRA conjugates. To understand the 

functional and analytical profile of the chemically constructed 

bsAb-dye conjugates, we thoroughly characterized the 

FabHER2×FabCD20×TAMRA constructs (Figure 6) in terms of pu

rity, integrity, and target-specific binding affinity using a combi

nation of methods. Following the reaction, the crude conjugation 

mixture contained some residual components (unreacted Fab 

Table 1. DoE matrix listing the tested parameters for Fab-Fab 

ligation reactions

Experiment c (μM) T (◦C) pH t (h)

Yield of 

BCN-Tz 

reaction (%)

Yield of 

TCO-Tz 

reaction (%)

1 20 4 5 1 12 35

2 20 37 5 1 24 54

3 20 4 9 1 13 34

4 20 37 9 1 23 52

5 20 4 5 16 71 60

6 20 37 5 16 58 57

7 20 4 9 16 61 70

8 20 37 9 16 28 25

9 100 4 5 1 80 70

10 100 37 5 1 83 80

11 100 4 9 1 72 58

12 100 37 9 1 85 63

13 100 4 5 16 87 85

14 100 37 5 16 84 61

15 100 4 9 16 47 59

16 100 37 9 16 39 36

17 60 20.5 7 8.5 58 66

18 60 20.5 7 8.5 68 68

19 60 20.5 7 8.5 65 79

20 60 20.5 7 8.5 51 70

21 60 20.5 7 8.5 61 75

Conditions include concentration (c), temperature (T), pH, and reaction 

time (t). Corresponding conjugation efficacy (yield) for both BCN- and 

TCO-based crosslinking reactions are also reported for each condition.
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precursors and small molecules), which necessitated purifica

tion. SEC was employed to isolate the pure bsAb-fluorophore 

conjugates, followed by sample concentration adjustment and 

protein quantification by the Bradford assay. The conjugates 

were subsequently validated by SDS-PAGE using both Coomas

sie Brilliant Blue (CBB) staining and fluorescence detection 

(Figure 6B), and mass spectrometry (Figure 6C), supporting the 

molecular identity of the FabHER2×FabCD20×TAMRA conjugates. 

An in-source neutral loss of water (− 18 Da) was consistently 

observed in both the BCN-ligated product (calculated: 97,167 

Da; found: 97,148 Da) and the TCO-ligated product (calculated: 

97,187 Da; found: 97,166 Da). With the optimized protocol, we 

Figure 3. Probability surface plots of full factorial DoE for Fab-Fab crosslinking 

(A) BCN-Tz-based IEDDA reaction and (B) TCO-Tz-based IEDDA reaction. Yield is color-coded from light blue (low) to dark blue (high).
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were able to obtain the FabHER2×FabCD20×TAMRA constructs 

after SEC purification in 61% and 68% isolated yields for 

BCN-Tz and TCO-Tz click reactions, respectively. Similarly, the 

described two-step, one-pot procedure provided FabHER2-Fa

bEGFR-MMAE bispecific antibody-drug conjugates in 57% and 

65% isolated yields for BCN-Tz and TCO-Tz click reactions, 

respectively (Figures S2). These results strongly demonstrate 

the broad applicability and modularity of the extensively opti

mized conjugation platform for producing series of bispecific 

constructs with varied antibody and payload components.

Next, the physicochemical stability of the FabHER2×

FabCD20×TAMRA conjugates was systematically evaluated under 

different storage and in vivo-like conditions. Conjugates were 

incubated in phosphate-buffered saline (PBS, pH 7.4) at 4◦C or 

in fetal bovine serum (FBS) at 37◦C over different time intervals 

(1 week and 1 day, respectively). The integrity of the conjugates 

was monitored by SDS-PAGE with both standard CBB staining 

and fluorescent visualization (Figure S3). Gels consistently 

showed intact, homogeneous Fab-Fab conjugates across all 

time points. These results demonstrate that the optimized conju

gates are highly stable under conditions relevant to both storage 

and biological application, supporting the robustness and prac

tical utility of the optimized IEDDA-based conjugation platform 

discussed in this study.

The binding performance of the fluorescent bispecific anti

body conjugates was then assessed by ELISA assay measure

ments (Figure S4). After immobilization of the antigens and 

blocking the wells with BSA, serial dilutions of purified 

FabHER2×FabCD20×TAMRA conjugates were applied to assess 

antigen recognition capacity. Detection was performed using 

horseradish peroxidase (HRP)-conjugated anti-Fab secondary 

antibodies and a colorimetric readout at 450 nm. Both HER2- 

and CD20-specific Fab arms retained their antigen binding ca

pabilities in linked constructs, with no significant difference 

observed as compared to the unconjugated parent Fabs. For 

BCN-Tz conjugated products, this is consistent with previous 

findings reported by Maruani et al.,30 while importantly, we 

also demonstrated herein that the same holds true for TCO-Tz 

conjugation. Moreover, no recognition interference was de

tected between the two Fab moieties within the bispecific 

construct, indicating that antigen recognition was not compro

mised by mutual structural or steric hindrance. These results 

collectively confirm that the chemical conjugation strategy pre

serves target specificity and dual binding functionality after 

both investigated bioorthogonal click reactions.

Finally, we carried out hydrophobic interaction chromatog

raphy (HIC) analysis of the FabHER2×FabHER2 constructs 

(Figure S5) to assess their developability. Gratifyingly, HIC anal

ysis of the chemically generated Fab2 constructs revealed 

increased hydrophilicity of the chemically linked Fab2 constructs 

(with Rt of 10.9 and 11.1 min related to the BCN- and TCO-based 

conjugated bispecifics, respectively) as compared to F(ab’)2, 

their native structural analogue (with Rt of 13.9 min). Attachment 

of hydrophobic payloads can lead to a loss of solubility and 

increase in aggregation, a well-established effect in antibody- 

drug conjugate development, where HIC is routinely employed to 

monitor drug-induced hydrophobicity changes.43 Consequently, 

Figure 4. Head-to-head comparison of BCN- and TCO-based ligations under different reaction conditions 

Parameters include concentration (A), time (B), temperature (C), and pH (D). Data represent n = 8 distinct experimental conditions (with no technical replicates) 

corresponding to all parameter combinations grouped by the indicated level of concentration (A), time (B), temperature (C), or pH (D), and shown with the SD of the 

group.

Figure 5. Optimization of molar equivalents applied in conjugation 

reactions 

Yields are shown as means of duplicates and corrected to the theoretical 

maximum in each condition tested. Equivalents are calculated for Fab×BCN 

or Fab×TCO reagents over Fab×Tz reagent. Arrows are pinpointing the 

highest yields. Results are shown as mean with SD, N = 2 biological replicates 

are shown in each group.
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the increase in hydrophilicity associated with the conjugation 

chemistry is expected to partially offset the challenges inherent 

to the attachment of hydrophobic payloads, leading to improved 

physicochemical properties for the constructs.

As demonstrated herein, we have successfully carried out an in- 

depth methodological optimization of IEDDA click chemistry- 

based bispecific antibody-assembly, exploring the impact of 

key reaction parameters (pH, temperature, time, and concentra

tion). We then used the optimized reaction conditions to demon

strate the generation of model bsAb conjugates with both BCN- 

Tz and TCO-Tz reactions. FabHER2×FabCD20×TAMRA and 

FabHER2×FabEGFR×MMAE were afforded rapidly (within 5 days 

starting from the parental monoclonal antibodies including enzy

matic digestion, chemical modification, and chromatographic pu

rification of the final bispecific construct), and in good isolated 

yield (57%–68%). The conjugate was shown to retain binding of 

both Fab components to their respective antigens via ELISA. 

Moreover, Thoreau and colleagues have recently demon

strated44,45 that similar rebridging strategies can be applied to 

the Fc region and full-length antibodies without compromising 

the efficiency of subsequent IEDDA reactions. These studies 

show that the click reactivities remain broadly comparable across 

Figure 6. Schematic overview of FabHER2×

FabCD20×TAMRA conjugate assembly, linking rituximab (orange) and trastuzumab (purple) Fabs with a TAMRA fluorescent dye (magenta 

dodecagram) 

(A) General scheme. 

(B) Product analysis by SDS-PAGE, where fluorescence (FL) readout and CBB-stained SDS-PAGE gels are shown as M: protein marker, 1: SEC-purified 

FabHER2×FabCD20×TAMRA conjugate made with Fab×BCN, 2: SEC-purified FabHER2×FabCD20×TAMRA conjugate made with Fab×TCO. 

(C) Mass spectrometry results showing the mass of the produced FabHER2× FabCD20×TAMRA constructs.

Cell Reports Methods 6, 101416, June 15, 2026 7 

Article
ll

OPEN ACCESS



Fab, Fc, and full-length mAb constructs, supporting the general 

applicability of the method optimized herein, even beyond linkage 

of Fab fragments. Thus, we believe this optimization work opens 

the door to chemistry-focused laboratories to start research pro

grams based on the generation of protein-protein conjugates. All 

the required components are commercially available, and the 

method has now been thoroughly optimized. We invite fellow 

chemical biologists who have held back from generating multipro

tein constructs due to reservations about expression-based 

methods and their inherent difficulties, to explore chemical pro

tein-protein conjugation as an alternative strategy. The temporal 

and financial investment to make biologically relevant multifunc

tional molecules has never been lower.

Limitations of the study

The bispecific antibody constructs generated and appraised in 

this study lack an Fc component and would therefore have 

shorter serum half-lives in vivo, due to a lack of FcRn-mediated 

recycling. This would necessitate repeated dosing in a clinical 

setting. The BCN/tetrazine IEDDA method has previously been 

demonstrated for the generation of Fc-containing IgG-like bispe

cific synthetic antibodies (SynAbs); therefore, the condition-opti

mization reported here is expected to be transferrable to that 

context. Regardless, future work should optimize the generation 

of SynAbs and SynAb-small molecule conjugates in an analo

gous manner to the DoE analysis carried out here. It would like

wise be beneficial to appraise the in vivo pharmacokinetics and 

anti-cancer activity of the Fab2 bispecifics reported here 

compared to Fc-containing SynAbs and conventional mAbs.
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STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

BCA assay

The concentration of the Fab2 external standards was measured using the Pierce BCA Protein Assay Kit (Cat. No. 23227). BSA so

lutions in PBS buffer were used as calibration standards (2000 μg/mL, 1500 μg/mL, 1000 μg/mL, 750 μg/mL, 500 μg/mL, 250 μg/mL, 

125 μg/mL, 25 μg/mL, 0 μg/mL). The working reagent was prepared according to the user’s guide, by mixing 50 parts of BCA reagent 

A with 1 part of BCA reagent B. 5 μL of each sample or standard were pipetted into the appropriate wells of a microplate (Greiner 

96-well plate, Item No. 655101). 100 μL working reagent was added to each well, then mixed with a plate shaker for 30 s. After incu

bating the plate at 37◦C for 30 min, absorbance was measured at 562 nm and was corrected by subtracting the average of negative 

controls. Each sample and standard were tested in triplicates. The measured absorbances of the standards were plotted against their 

concentration in μg/mL using Graphpad Prism. A linear model was fitted to the data points. This equation was used to determine the 

protein concentration of the unknown samples.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Trastuzumab MedChemExpress Cat#HY-P9907; RRID:AB_2938985

Rituximab MedChemExpress Cat#HY-P9913; RRID:AB_3694972

Cetuximab MedChemExpress Cat#HY-P9905; RRID:AB_3694544

Fab-specific anti-human IgG-HRP Sigma-Aldrich Cat#A0293; RRID:AB_257875

Chemicals, peptides, and recombinant proteins

Immobilized pepsin Thermo Scientific Cat#20343

Immobilized papain Thermo Scientific Cat#20341

Endo-BCN-PEG2-amine BroadPharm Cat#BP-25106

TCO-PEG3-amine MedChemExpress Cat#HY-141178

Methyltetrazine-PEG4-amine MedChemExpress Cat#HY-14126

Br2PD-Tz-N3 Szijj et al.31 N/A

TAMRA-PEG4-DBCO BroadPharm Cat#BP-22456

DBCO-PEG4-Val-Cit-PAB-MMAEt BroadPharm Cat#BP-25659

Deposited data

Raw and analyzed data This paper Supplementary information available at DOI: 

https://doi.org/10.17632/xx6zczcxzm.1

Critical commercial assays

Pierce BCA Protein Assay Kit Thermo Scientific Cat#23227

Software and algorithms

Prism, v 8.0.1 GraphPad https://www.graphpad.com/

Analyst TF, v 1.7.1 AB Sciex Instruments https://sciex.com/products/software/analyst-tf-software

PeakView, v 2.2 AB Sciex Instruments https://sciex.com/products/software/peakview-software

MestReNova, v 6.0.2–5475 Mestrelab Research https://mestrelab.com/download

Statistica, v 14.0.1.25 TIBCO Software https://docs.tibco.com/products/tibco-statistica-14-0-1

scikit-learn Pedregosa et al.46 https://scikit-learn.org/stable/

matplotlib JD Hunter47 https://matplotlib.org/

Other

Superdex 200 Increase 10/300 GL Cytiva Cat#28990944

NAbTM Protein A Plus Spin Columns Thermo Scientific Cat#89952
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Bradford assay

The concentration of the bispecific TAMRA conjugates was measured by a Bradford assay. Trastuzumab solutions in PBS buffer 

were used as calibration standards (2000 μg/mL, 1500 μg/mL, 1000 μg/mL, 750 μg/mL, 500 μg/mL, 250 μg/mL, 125 μg/mL, 

25 μg/mL, 0 μg/mL). 5 μL of each sample or standard were pipetted into the appropriate wells of a microplate (Greiner 96-well plate, 

Item No. 655101). 250 μL Bradford reagent (a filtered solution of 5.9 mg Coomassie Blue G250, 50 mL MeOH and 11.8 mL 85% H3PO4 

in 100 mL distilled water) was added to each well, then mixed with a plate shaker for 30 s. After incubating the plate at RT for 5 min, 

absorbance was measured at 595 nm and was corrected by subtracting the average of negative controls. Each sample and standard 

were tested in triplicates. The measured absorbances of the standards were plotted against their concentration in μg/mL using 

Graphpad Prism. A quadratic curve was fitted to the data points. This standard curve was used to determine the protein concentra

tion of the unknown samples.

Size-exclusion chromatography (SEC)

Purification by size-exclusion chromatography (SEC) was carried out on an ÄKTA go protein purification system (column: Superdex 

200 increase, 10/300 GL), equilibrated in PBS pH 7.4. Flow rate during separation: 0.4 mL/min. Detection was by absorption at 

280 nm.

Hydrophobic interaction chromatography (HIC)

Hydrophobic interaction chromatography (HIC) was performed on an Agilent 1100 HPLC system (Agilent Technologies). Separa

tions were carried out using a TSKgel HIC column (3.5 cm × 4.6 mm., 2.5 μm particle size). Protein samples were injected at a 

concentration of 1 mg/mL with an injection volume of 20 μL. Prior to separation, samples were equilibrated in Eluent A consisting 

of 1.5 M ammonium sulfate in 50 mM sodium phosphate buffer. Elution was performed using a linear gradient to Eluent B (50 mM 

sodium phosphate buffer) at a flow rate of 0.7 mL/min. The gradient profile was as follows: 100% Eluent A from 0 to 3 min, a linear 

transition from 100% A to 100% B between 3 and 15 min, followed by re-equilibration to 100% Eluent A from 15 to 18 min. UV 

detection was used for monitoring, and data acquisition and analysis were performed using the Agilent ChemStation software. 

Retention times of conjugated constructs were compared to that of native F(ab’)2 reference to assess relative changes in 

hydrophobicity.

Protein LC-MS

The molecular weights of the Fab conjugates were identified using a Triple TOF 5600+ hybrid Quadrupole-TOF LC/MS/MS system 

(Sciex, Singapore, Woodlands) equipped with a DuoSpray IonSource coupled with a Shimadzu Prominence LC20 UFLC (Shimadzu, 

Japan) system consisting of binary pump, an autosampler, and a thermostated column compartment. Data acquisition and process

ing were performed using Analyst TF software version 1.7.1 (AB Sciex Instruments, CA, USA). Chromatographic separation was 

achieved on PLRP-S, 1000 Å, 8 μM, 150 mM × 2.1 mM column (Agilent, UK). The separation was achieved using mobile phase A 

(5% MeCN in 0.1% formic acid) and B (95% MeCN, 5% water 0.1% formic acid) using a gradient elution. The samples were diluted 

with ultrapure water, and the concentration set to 1 mg/mL. Flow rate was set to 0.5 mL/min. The column temperature was 60◦C and 

the injection volume was 10 μL. N2 was used as the nebulizer gas (GS1), heater gas (GS2), and curtain gas with the optimum values 

set at 40, 45 and 40 (arbitrary units), respectively. Data were acquired in positive ESI mode in the mass range of m/z = 500 to 5000, 

with 1 s accumulation time. The source temperature was 400◦C and the spray voltage was set to 5000 V. Declustering potential value 

was set to 80 V. PeakView V.2.2 (version 2.2, Sciex, Redwood City, CA, USA) was used for deconvoluting the raw electrospray data to 

obtain the neutral molecular masses.

SDS-PAGE gels

Non-reducing SDS-PAGE with 10% acrylamide gels were performed following standard lab procedures. A 5% stacking gel was 

used and a broad-range MW marker (4.6–315 kDa, ProSieve QuadColor Protein Marker, Lonza Bioscience) was co-run to es

timate protein masses. Samples (5 μL at ∼20 μM protein) were mixed with loading buffer (2 μL, composition for 6 × SDS: 1 g 

SDS, 3 mL glycerol, 6 mL 0.5 M Tris buffer pH 6.8, 2 mg Coomassie-blue R250 in 10 mL) and heated at 65◦C for 5 min 7–10 μL 

of the samples was loaded into each well. The gels were run at 200 V for 60–90 min in 1 × SDS running buffer. Gels were stained 

using a Coomassie stain (0.12 g Coomassie-blue G-250, 0.10 g Coomassie-blue R-250, 500 mL MeOH, 400 mL distilled water, 

100 mL acetic acid), after washing the gel was left at room temperature for 16 h in a water-ethanol mixture. Then the gels were 

imaged using HP Laserjet 1132 MFP scanner at 600 dpi. Images were saved under default brightness, contrast, and gamma 

settings. Fluorescent imaging (where applicable) was carried out before Coomassie Blue staining, using a ChemiDoc MP Im

aging System (Bio-Rad).

UV-Vis-spectroscopy

UV-Vis spectroscopy was used to determine the concentrations of protein constructs using a SpectraMax iD5 Multi-Mode Micro

plate Reader (Molecular Devices; San Jose, CA) operating at RT. Sample buffer was used as blank for baseline correction. Extinction 
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coefficients (Ɛ) for proteins and small molecules (at 280 nm) are listed below. The Ɛ280 of the protein was added to that of the con

jugated small molecules to calculate the total Ɛ of the construct at 280 nm (
∑

ε280). The concentration (c) of the construct was deter

mined by the following equation:

c =
A280

l⋅
∑

ε280 

The extinction coefficient (Ɛ) values of proteins and small molecules at 280 nm: FabHER2 68,590 M− 1cm− 1; FabCD20 82,905 

M− 1cm− 1; FabHER2×BCN 72,211 M− 1cm− 1; FabHER2×TCO 70,879 M− 1cm− 1; FabHER2×Tz 96,930 M− 1cm− 1; FabCD20×Tz-N3 

109,658 M− 1cm− 1.

HER2 ELISA

A 96-well plate was coated for 1 h at RT with HER2 (Sino Biological, 100 μL/well, 0.25 μg/mL, 3.5 nM in PBS). After washing (3 × 0.1% 

Tween 20 in PBS, followed by 3 × PBS), the wells were blocked for 1 h at RT with 1% BSA in PBS (150 μM, 200 μL/well). The wells 

were then washed and the following dilutions of FabHER2×FabCD20×TAMRA conjugates and FabHER2 were applied: 200 nM, 25 nM, 

3.13 nM, 0.39 nM, 48.8 pM, 6.1 pM, prepared in PBS (100 μL/well). The assay was then incubated at RT for 1 h, washed and the 

detection antibody (Anti-Human IgG, Fab specific-HRP antibody, Sigma Aldrich, 1:5000 (ca. 10 nM) in 1% BSA in 0.1% Tween 20 

in PBS) was added (100 μL/well). After 1 h at RT, the plates were washed and o-phenylenediamine hydrochloride (Sigma-Aldrich, 

100 μL/well, 0.5 mg/mL, 2.8 mM in a phosphate-citrate buffer with sodium perborate) was added. Once a yellow-orange color 

was observed, the reaction was stopped by addition of HCl (4 M, 50 μL/well). Absorbance was immediately measured at 450 nm 

and was corrected by subtracting the average of negative controls. Each sample was tested in triplicate and errors are shown as 

the standard deviation of the mean. ELISA data was analyzed with Graphpad Prism.

CD20 ELISA

A 96-well plate was coated for 1 h at RT with CD20 (Sino Biological, 100 μL/well, 0.2 μg/mL, 8 nM in PBS). After washing (3 × 0.1% 

Tween 20 in PBS, followed by 3 × PBS), the wells were blocked for 1 h at RT with 1% BSA in PBS (150 μM, 200 μL/well). The wells 

were then washed and the following dilutions of FabHER2×FabCD20×TAMRA conjugates and FabCD20 were applied: 4.8 μM, 0.8 μM, 

133.3 nM, 22.2 nM, 3.70 nM, 0.62 nM, 0.10 nM prepared in PBS (100 μL/well). The assay was then incubated at RT for 1 h, washed 

and the detection antibody (Anti-Human IgG, Fab specific-HRP antibody, Sigma Aldrich, 1:5000 (ca. 10 nM) in 1% BSA in 0.1% 

Tween 20 in PBS) was added (100 μL/well). After 1 h at RT, the plates were washed and o-phenylenediamine hydrochloride 

(Sigma-Aldrich, 100 μL/well, 0.5 mg/mL, 2.8 mM in a phosphate-citrate buffer with sodium perborate) was added. Once a yellow- 

orange color was observed, the reaction was stopped by addition of HCl (4 M, 50 μL/well). Absorbance was immediately measured 

at 450 nm and was corrected by subtracting the average of negative controls. Each sample was tested in triplicate and errors are 

shown as the standard deviation of the mean. ELISA data was analyzed with Graphpad Prism.

Production of FabHER2

300 μL (19.97 mg/mL) trastuzumab mAb sample was buffer exchanged into pepsin digest buffer (20 mM NaOAc, pH 3.1). Immobilized 

pepsin (732 μL) was washed 3 times with pepsin digest buffer, then the mAb solution was added. The mixture was incubated for 5 h at 

37◦C under constant agitation (1100 rpm). The agarose resin was separated from the digest by using a filter column, then washed 

twice with papain digest buffer (50 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, pH 6.8). The digest and the washes were combined, 

concentrated, then the buffer was completely exchanged for the papain digest buffer.

Immobilized papain (1220 μL, 250 μg/mL) was activated by 10 mM DTT (in papain digest buffer) for an hour at 37◦C under constant 

agitation (1000 rpm). The resin was washed 10 times with DTT-free papain digest buffer, then the F(ab’)2 solution was added. The 

mixture was incubated for 16 h at 37◦C under constant agitation (1100 rpm). The agarose resin was separated from the digest by 

using a filter column, then washed twice with papain digest buffer. The digest and the washes were combined, and the buffer 

was exchanged for PBS buffer (137 mM NaCl, 3.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), yielding 150 μL 98.65 μM 

Fab solution.

Production of FabCD20

100 μL (9.97 mg/mL) rituximab mAb sample was buffer exchanged into papain digest buffer (50 mM Na2HPO4, 150 mM NaCl, 1 mM 

EDTA, pH 6.8). Immobilized papain (100 μL, 250 μg/mL) was activated by 10 mM DTT (in papain digest buffer) for an hour at 37◦C 

under constant agitation (1000 rpm). The resin was washed 10 times with DTT-free papain digest buffer, then the mAb solution 

was added. The mixture was incubated for 16 h at 37◦C under constant agitation (1100 rpm). The agarose resin was separated 

from the digest by using a filter column, then washed twice with papain digest buffer. The digest and the washes were combined, 

and the buffer was exchanged completely for PBS (pH 7.4). Then, the sample was applied to a NAb protein A Plus column (Thermo 

Scientific) and incubated at 25◦C under constant agitation (300 rpm) for 30 min. The Fab fraction was eluted according to 
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manufacturers’ protocol, the column washed three times with PBS (pH 7.4) and the Fc fraction eluted three times with 100 mM 

glycine, pH 2.5, which was neutralized with 40 μL 1 M Tris, pH 8.8 solution. The Fab fraction was combined with the washes then 

buffer exchanged into PBS (pH 7.4), yielding 100 μL 44.87 μM Fab solution.

Production of FabEGFR

500 μL (5 mg/mL) cetuximab mAb sample was buffer exchanged into digest buffer (20 mM Na2HPO4, 10 mM EDTA, 80 mM cysteine, 

pH 7). Immobilized papain (650 μL, 250 μg/mL) was washed 3 times with digest buffer, then the mAb solution was added. The mixture 

was incubated for 4 h at 37◦C under constant agitation (1100 rpm). The agarose resin was separated from the digest by using a filter 

column, then washed twice with papain digest buffer. The digest and the washes were combined, and the buffer was exchanged 

completely for PBS (pH 7.4). Then, the sample was applied to a NAb protein A Plus column (Thermo Scientific) and incubated at 

25◦C under constant agitation (300 rpm) for 30 min. The Fab fraction was eluted according to manufacturers’ protocol, the column 

washed three times with PBS (pH 7.4) and the Fc fraction eluted three times with 100 mM glycine, pH 2.5, which was neutralized with 

40 μL 1 M Tris, pH 8.8 solution. The Fab fraction was combined with the washes then buffer exchanged into PBS (pH 7.4), yielding 

116 μL 125.5 μM Fab solution.

Production of F(ab’)2,HER2

300 μL (19.97 mg/mL) trastuzumab mAb sample was buffer exchanged into pepsin digest buffer (20 mM NaOAc, pH 3.1). Immobilized 

pepsin (732 μL) was washed 3 times with pepsin digest buffer, then the mAb solution was added. The mixture was incubated for 5 h at 

37◦C under constant agitation (1100 rpm). The agarose resin was separated from the digest by using a filter column, then washed 

twice with PBS (7.4). The digest and the washes were combined, concentrated, then the buffer was completely exchanged for 

PBS (7.4). The mixture was purified by SEC as described above.

Chemical modification of fab

Fab solution was diluted to 20 μM with 1.1 mM solution of TCEP HCl in BBS (pH 8.8) (50 eq.), then incubated at 37◦C for 90 min under 

constant agitation (500 rpm). The reaction mixture was then buffer exchanged into TCEP-free PBS (pH 7.4) and diluted to its original 

volume. 5 equivalents of the rebridging agent (Br2PD-BCN, Br2PD-TCO, Br2PD-Tz) was added (5 mM solution in DMSO) to this so

lution, then the mixture was incubated at 37◦C for another 90 min under constant agitation (500 rpm). The modified Fabs thus pre

pared were purified by membrane filtration (Vivaspin 10 kDa), followed by filtration through Zeba Spin Desalting Column (7 K MWCO).

Preparation of FabHER2×FabHER2 MS standards

To a solution of FabHER2×Tz (40 μL, 200 μM, in pH 7.4 PBS), 1 equivalent of FabHER2×BCN or FabHER2×TCO (40 μL, 200 μM, in pH 7.4 

PBS) was added and the mixture was incubated at 37◦C overnight under constant agitation (300 rpm). The mixture was purified by 

SEC. The concentration of the purified standards was measured using BCA assay.

Experimental procedure of the DOE analysis

Fab×BCN, Fab×TCO and Fab×Tz was buffer exchanged into PBS (pH 5, 7 or 9) then diluted to the appropriate concentration 

(200 μM, 120 μM or 40 μM). For each sample 7.5 μL Fab×BCN or Fab×TCO and 7.5 μL Fab×Tz solution were mixed in equimolar 

ratio then incubated at 4, 20.5 or 37◦C. After the designated reaction time, the samples were quenched with 3,6-di(4-pyridyl)- 

1,2,4,5-tetrazine (0.3 μL, 5 mM, in DMSO).

DoEs

To investigate the influence of reaction conditions (temperature, pH, reaction time, and starting concentration) on conjugation effi

ciency, a 24 full factorial experimental design was employed with five center points (21 experiments altogether). Factorial analysis of 

variance (ANOVA) was applied in the STATISTICA software (version 14.0.1.25, TIBCO Software Inc.) to establish statistical signifi

cance of the four main factors, as well as their pairwise interactions. Response surface plots were generated with the scikit-learn 

python package46 and matplotlib.47

Investigating the effect of molar excess

Fab×BCN, Fab×TCO and Fab×Tz was buffer exchanged into pH 5 PBS then diluted to 300 μM. Samples were prepared in dupli

cates. Reactions were incubated at 4◦C for 16 h, then quenched with 3,6-di(4-pyridyl)-1,2,4,5-tetrazine (0.3 μL, 5 mM, in DMSO) 

and submitted to LC-MS analysis.

Preparation of FabHER2×FabCD20×TAMRA

FabHER2×BCN, FabHER2×TCO and FabCD20×Tz-N3 was buffer exchanged into pH 5 PBS. To a solution of FabCD20×Tz-N3 (19 μL, 

148.64 μM, 1 eq.), TAMRA-PEG4-DBCO was added (dissolved in DMSO, 0.28 μL, 20 mM, 2 eq.) and the mixture incubated at 

37◦C for 1 h under constant agitation (300 rpm). After this time, 1 equivalent of FabHER2×BCN (12.51 μL, 225.73 μM) or 

FabHER2×TCO (10.55 μL, 267.78 μM) was added and the mixture was incubated at 4◦C overnight. The mixture was purified by 

SEC, resulting in the representative isolated yield of 61% for BCN-Tz and 68% for TCO-Tz constructs.
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Preparation of FabHER2×FabEGFR×MMAE

FabHER2×BCN, FabHER2×TCO and FabEGFR×Tz-N3 was buffer exchanged into pH 5 PBS. To a solution of FabEGFR×Tz-N3 (8.35 μL, 

311.5 μM, 1 eq.), MMAE-vcPAB-PEG4-DBCO was added (dissolved in DMSO, 1.3 μL, 20 mM, 10 eq.) and the mixture incubated at 

37◦C for 1 h under constant agitation (300 rpm). After this time, 1 equivalent of FabHER2×BCN (19.71 μL, 132 μM) or FabHER2×TCO 

(16.77 μL, 160 μM) was added and the mixture was incubated at 4◦C overnight. The mixture was purified by SEC, resulting in the 

representative isolated yield of 57% for BCN-Tz and 65% for TCO-Tz constructs.

Chemical synthesis

All commercially available reagents were used as received. The reactions were followed by HPLC–MS chromatography with a Shi

madzu LCMS-2020 device using a Reprospher 100 C18 (5 μm; 100 × 3 mm) column and positive-negative double ion source (DUIS) 

with a quadrupole MS analyzer in a range of 50–1000 m/z. High resolution mass spectra were recorded on a Waters Q-TOF Premier 

mass spectrometer in positive ESI ionization mode. 1H and 13C NMR spectra were recorded in CDCl3 or DMSO-d6 solution at room 

temperature, on a Varian Unity Inova 500 spectrometer (500 and 125 MHz for 1H and 13C/APT NMR spectra, respectively), and on a 

Varian Unity Inova 300 spectrometer (300, 75 MHz and 282 MHz for 1H, APT NMR spectra, respectively), with the deuterium signal of 

the solvent as the lock. Chemical shifts (δ) and coupling constants (J) are given in ppm and Hz, respectively. The antibody solutions 

were centrifuged with Eppendorf Centrifuge 5810 R.

Di-tert-butyl 1-methylhydrazine-1,2-dicarboxylate (Br2PD-1)

To a solution of methyl hydrazine (1 g, 21.7 mmol) in propan-2-ol (16 mL), was added dropwise over 30 min a solution of di-tert-butyl 

dicarbonate (11.4 g, 52.1 mmol, dissolved in DCM (12 mL)). The reaction was then stirred at room temperature for 16 h. After this time, 

the solvents were removed in vacuo and the crude residue purified by flash column chromatography (0%–20% n-hexane/EtOAc) to 

yield Br2PD-1 (4.82 g, 19.7 mmol, 90%) as a white solid. 1H NMR (500 MHz, CDCl3, rotamers) δ 6.41-6.14 (m, 1H), 3.12 (s, 3H), 

1.49-1.48 (m, 18H) ppm.

Di-tert-butyl 1-(3-(tert-butoxy)-3-oxopropyl)-2-methylhydrazine-1,2-dicarboxylate (Br2PD-2)

To a solution of Br2PD-1 (4.00 g, 16.3 mmol) in tert-butanol (62.4 g) was added 10% aq. NaOH (0.64 mL) and the reaction mixture 

stirred at room temperature for 5 min. After this time, tert-butyl acrylate (7.04 mL, 48.5 mmol) was added to the solution, and the re

action mixture was heated at 60◦C overnight. Following this, the solvent was removed in vacuo, and the crude residue was dissolved 

in EtOAc (30 mL) and washed with water (3 × 20 mL). The organic layer was then dried (MgSO4), filtered and the solvent removed in 

vacuo. Purification of the crude residue by flash column chromatography (0%–50% n-hexane/EtOAc) yielded Br2PD-2 (4.19 g, 

11.2 mmol, 69%) as a clear oil. 1H NMR (500 MHz, CDCl3, rotamers) δ 3.86-3.55 (m, 2H), 3.10-3.00 (m, 3H), 2.53 (t, J = 7.5 Hz, 

2H), 1.52-1.43 (m, 27H) ppm.

3-(4,5-Dibromo-2-methyl-3,6-dioxo-3,6-dihydropyridazin-1(2H)-yl)propanoic acid (Br2PD-3)
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Dibromomaleic acid (3.5 g; 12.78 mmol) was dissolved in cc. AcOH (35 mL) and heated under reflux for 30 min. To this solution was 

added Br2PD-2 (4.17 g; 11.15 mmol) dissolved in cc. AcOH (15 mL) and the reaction heated under reflux for a further 4 h. The solvent 

was removed in vacuo and the crude residue purified by flash column chromatography (0–70% n-hexane/EtOAc) to yield Br2PD-3 

(2.95 g, 8.25 mmol, 74%) as a yellow powder. 1H NMR (500 MHz, DMSO-d6) δ 12.46 (br s, 1H), 4.28 (t, J = 7.5 Hz, 2H), 3.57 (s, 3H), 

2.63 (t, J = 7.5 Hz, 2H) ppm.

2,5-Dioxopyrrolidin-1-yl 3-(4,5-dibromo-2-methyl-3,6-dioxo-3,6-dihydropyridazin-1(2H)-yl)propanoate (Br2PD-4)

To a solution of Br2PD-3 (2.00 g; 5.62 mmol) in dry THF (100 mL) at 0◦C was added DCC (1.33 g; 6.4 mmol). The solution was stirred 

at 0◦C for 30 min. Following this, was added NHS (0.8 g, 6.9 mmol) and the reaction stirred at room temperature for a further 16 h. The 

solvent was removed in vacuo and the crude residue purified by flash column chromatography (0–100% n-hexane/EtOAc) to yield 

pyridazinedione Br2PD-4 (1.55 g, 3.43 mmol, 61%) as a white powder. 1H NMR (500 MHz, DMSO-d6) δ 4.41 (t, J = 7.5 Hz, 2H), 3.59 (s, 

3H), 3.18 (t, J = 7.5 Hz, 2H), 2.82 (s, 4H) ppm.

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (2-(2-(2-(3-(4,5-dibromo-2-methyl-3,6-dioxo-3,6-dihydropyridazin- 

1(2H)-yl)propanamido)ethoxy)ethoxy)ethyl) carbamate (Br2PD-BCN)

To a solution of BCN-PEG2-amine (10 mg, 30.8 μmol) in acetonitrile (5 mL), 15.36 mg (33.9 μmol, 1.1 eq.) Br2PD-4 was added. The 

solution was stirred at room temperature for 90 min. The solvent was removed in vacuo and the crude residue purified by preparative 

HPLC chromatography (0–100% (99.9% water, 0.1% HCOOH)/(99.9% acetonitrile, 0.1% HCOOH)) to yield Br2PD-BCN as a yellow 

solid (5.4 mg, 8.2 μmol, 34%). 1H NMR (500 MHz, CDCl3) δ 7.72 (br s, 0.1 H), 6.48 (br s, 0.5 H), 5.70 (br s, 0.1 H), 5.24 (br s, 0.5 H), 4.43 

(t, J = 7 Hz, 2H), 4.15 (d, J = 7.4 Hz, 2H), 3.72 (s, 3H), 3.64-3.56 (m, 6H), 3.53 (t, J = 4.9 Hz, 2H), 3.44 (dd, J1 = 10.2 Hz, J2 = 5.2 Hz, 2H), 

3.37 (m, 2H) 2.63 (t, J = 7 Hz, 2H), 2.34-2.17 (m, 6H), 1.64-1.53 (m, 2H), 1.40-1.29 (m, 1H), 1.00-0.90 (m, 2H) ppm. HRMS (ESI) calcu

lated for C25H35Br2N4O7 [M
79Br81Br+H]+ 663.0847, observed 663.0827.

E-Cyclooct-4-en-1-yl (15-(4,5-dibromo-2-methyl-3,6-dioxo-3,6-dihydropyridazin-1(2H)-yl)-13-oxo-3,6,9-trioxa-12- 

azapentadecyl) carbamate (Br2PD-TCO)

To a solution of TCO-PEG3-amine (10 mg, 29.0 μmol) in acetonitrile (5 mL), 14.45 mg (31.9 μmol, 1.1 eq.) Br2PD-4 was added. The 

solution was stirred at room temperature for 90 min. The solvent was removed in vacuo and the crude residue purified by preparative 

HPLC chromatography (0–100% (99.9% water, 0.1% HCOOH)/(99.9% acetonitrile, 0.1% HCOOH)) to yield Br2PD-TCO as a yellow 

solid (10.9 mg, 15.7 μmol, 54%). 1H NMR (500 MHz, CDCl3) δ 6.72 (br s, 1H), 5.63–5.47 (m, 2H), 5.29 (br s, 1H), 4.46 (t, J = 6.9 Hz, 2H), 

4.38–4.32 (m, 1H), 3.75 (s, 3H), 3.63 (d, J = 5.4 Hz, 8H), 3.59–3.52 (m, 4H), 3.44 (q, J = 5 Hz, 2H), 3.36 (m, 2H), 2.63 (t, J = 6.9 Hz, 2H), 

2.40–2.32 (m, 3H), 2.05–1.89 (m, 4H), 1.78–1.68 (m, 2H), 1.60–1.50 (m, 1H) ppm. HRMS (ESI) calculated for C25H38Br2N4O8 

[M79Br81Br+H]+ 683.1109, observed 683.1137.
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3-(4,5-Dibromo-2-methyl-3,6-dioxo-3,6-dihydropyridazin-1(2H)-yl)-N-(2-(2-(2-(2-(4-(6-methyl-1,2,4,5-tetrazin-3- 

yl)phenoxy)ethoxy)ethoxy)ethoxy)ethyl) propanamide (Br2PD-Tz)

To a solution of methyl-tetrazine-PEG4-amine HCl (10 mg, 25.0 μmol) and 3.48 μL TEA (2.53 mg, 1 eq.) in acetonitrile (5 mL), 

12.46 mg (27.5 μmol, 1.1 eq.) Br2PD-4 was added. The solution was stirred at room temperature for 90 min. The solvent was removed 

in vacuo and the crude residue purified by preparative HPLC chromatography (0–100% (99.9% water, 0.1% HCOOH)/(99.9% aceto

nitrile, 0.1% HCOOH)) to yield Br2PD-Tz as a purple solid (2.7 mg, 3.76 μmol, 15%). 1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 8.85 Hz, 

2H), 7.11 (d, J = 8.85 Hz, 2H), 6.51 (br s, 0.8H), 4.43 (t, J = 6.9 Hz, 2H), 4.27 (t, J = 6.9 Hz, 2H), 3.93 (t, J = 6.9 Hz, 2H), 3.78 (m, 2H), 

3.73-3.70 (m, 5H), 3.68-3.62 (m, 4H), 3.55 (t, J = 5 Hz, 2H), 3.44 (dd, J1 = 10.2 Hz, J2 = 5 Hz, 2H), 3.08 (s, 3H), 2.62 (t, J = 6.8 Hz, 2H) 

ppm. HRMS (ESI) calculated for C25H31Br2N7O7 [M
79Br81Br+H]+ 702.0704, observed 702.0733.

tert-Butyl (4-cyanobenzyl)carbamate (Br2PD-5)

To a stirring solution of NaOH (3.6 g, 89.1 mmol) and di-tert-butyl dicarbonate (7.1 g, 32.6 mmol) in H2O (30 mL) was added, at room 

temperature, a pre-dissolved solution of 4-(aminomethyl)benzonitrile (5.0 g, 29.7 mmol) in H2O (30 mL). The mixture was stirred for 16 

h, after which time a white precipitate had formed. The mixture was filtered, the solid washed with H2O (100 mL), and the resulting 

solid dried under vacuum to yield compound Br2PD-5 as a white solid (6.1 g, 26.2 mmol, 88%). 1H NMR (400 MHz, CDCl3) δ 7.62 (d, 

J = 8.3, 2H), 7.38 (d, J = 8.3, 2H), 4.96 (br. s, 1H), 4.37 (d, J = 5.9 Hz, 2H), 1.46 (s, 9H).

tert-Butyl (4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)carbamate (Br2PD-6)

The following procedure was adapted from work by Lang et al.9 To a stirring suspension of tert-butyl carbamate Br2PD-5 (3.0 g, 

12.9 mmol), acetonitrile (6.72 mL, 12.9 mmol), and Zn(OTf)2 (2.34 g, 6.46 mmol) in 1,4-dioxane (6 mL) was added, at room temper

ature, hydrazine hydrate (80% w/w, 39.5 mL, 646 mmol). The reaction was heated to 65◦C and stirred for 72 h. After this time, the 

reaction was cooled to room temperature and diluted with EtOAc (50 mL). The mixture was washed with 1 M HCl (50 mL), and 

the aqueous phase extracted with EtOAc (2 × 30 mL). The organic phase was dried (MgSO4), filtered and solvent was then removed 

in vacuo. The resulting crude residue was dissolved in a mixture of DCM and acetic acid (1:1, 200 mL), and to this was added NaNO2 

(17.8 g, 258 mmol) slowly over a period of 15 min, during which time the reaction turned bright red. The reaction was then diluted with 

DCM (200 mL), washed with sodium bicarbonate (sat. aq., 200 mL) and the aqueous phase extracted with DCM (2 × 100 mL). The 

organic phases were combined and then dried (MgSO4), filtered and the solvent was then removed in vacuo. The resulting residue 

was purified by flash column chromatography (20% EtOAc/petrol) to yield tetrazine Br2PD-6 as a pink solid (1.07 g, 3.55 mmol, 28%). 
1H NMR (400 MHz, CDCl3) δ 8.55 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 4.97 (br. s, 1H), 4.44 (d, J = 5.8 Hz, 2H), 3.09 (s, 3H), 1.48 

(s, 9H).

5-((4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzyl)amino)-5-oxopentanoic acid (Br2PD-7)
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Tert-butyl (4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)carbamate Br2PD-6 (800 mg, 2.65 mmol) was dissolved in a mixture of TFA and 

DCM (1:4, 20 mL) and the solution was stirred at room temperature for 2 h. The solvent was then removed in vacuo and the mixture re- 

dissolved in THF (50 mL). To this solution was added glutaric anhydride (605 mg, 5.31 mmol) and the mixture stirred at 55◦C for 16 h. 

The solvent was removed in vacuo and the mixture re-dissolved in sat. aq. K2CO3 solution (100 mL). The mixture was then acidified 

with 15% HCl aq. solution until the mixture stopped producing CO2(g) on acid. The mixture was then extracted with EtOAc 

(3 × 50 mL), and the combined organic phases washed with H2O (4 × 30 mL) and brine (30 mL), and then dried (MgSO4). Any pre

cipitate formed during extraction was re-dissolved in sat. aq. K2CO3 solution (30 mL) and the work-up was repeated on this solution 

and the dried organic phases were combined, filtered and the solvent removed in vacuo to yield compound Br2PD-7 as a purple pow

der (691 mg, 2.2 mmol, 83%) without further purification. 1H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 8.4, 2H), 7.51 (d, J = 8.5 Hz, 2H), 

4.38 (d, J = 6.0 Hz, 2H), 4.27 (q, J = 7.4 Hz, 4H), 2.98 (s, 3H), 1.76 (quint., J = 7.4 Hz, 2H).

N1-(3-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-N5-(4-(6-methyl-1,2,4,5-tetrazin-3-yl) benzyl)glutaramide (Br2PD-8)

To a solution of 5-((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)amino)-5-oxopentanoic acid Br2PD-7 (200 mg, 0.63 mmol) in DCM 

(5 mL) was added, at room temperature, HATU (240 mg, 0.63 mmol), and NEt3 (87.8 μL, 0.63 mmol), and the reaction stirred for 

5 min. Subsequently, to this solution was added, at room temperature, a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan- 

1-amine (387.5 μL, 1.96 mmol) in DCM (5 mL), and the resulting solution was stirred at room temperature for 16 h. The reaction 

was then diluted with EtOAc (25 mL) and H2O (25 mL) and the phases separated. The aqueous phase was extracted with EtOAc 

(3 × 25 mL) and the combined organic phases were washed with H2O (3 × 25 mL), brine (20 mL), dried (MgSO4), filtered and the 

solvent removed in vacuo. The crude residue was purified by flash column chromatography (0–10% MeOH in DCM) to afford 

Br2PD-8 (209.5 mg, 0.51 mmol, 64%) as a purple solid. 1H NMR (400 MHz, CDCl3) δ 8.55 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.5 Hz, 

2H), 6.61 (br. s, 1H), 6.16 (br. s, 1H), 4.55 (d, J = 6.0 Hz, 2H), 3.68–3.59 (m, 10 H), 3.56–3.52 (m, 2H), 3.45–3.36 (m, 4H), 3.09 (s, 

3H), 2.35 (t, J = 7.1 Hz, 2H), 2.26 (t, J = 6.9 Hz, 2H), 2.01 (quint., J = 6.9 Hz, 2 H).

Di-tert-butyl 1-(prop-2-yn-1-yl)hydrazine-1,2-dicarboxylate (Br2PD-9)

To a solution of di-tert-butyl hydrazine-1,2-dicarboxylate (3.00 g, 12.9 mmol) in a mixture of toluene (15 mL) and 5% aq. NaOH 

(15 mL) were added tetra-n-butylammonium bromide (104 mg, 0.32 mmol) and propargyl bromide (5.76 g, 38.7 mmol). The reaction 

mixture was stirred at 20◦C for 16 h. After this time, H2O (20 mL) was added, and the mixture was extracted with EtOAc (3 × 30 mL). 

The combined organic layers were washed with brine (30 mL), dried (MgSO4), filtered and the solvent removed in vacuo. Purification 

by flash column chromatography (20% EtOAc/petrol) yielded Br2PD-9 (2.04 g, 7.56 mmol, 59%) as a white solid. 1H NMR (400 MHz, 

CDCl3, rotamers) δ 6.48 (br. s, 0.7H), 6.17 (br. s, 0.2H), 4.27 (s, 2H), 2.24 (t, J = 2.4 Hz, 1H), 1.47 (s, 18H).

Di-tert-butyl 1-(3-(tert-butoxy)-3-oxopropyl)-2-(prop-2-yn-1-yl)hydrazine-1,2-dicarboxylate (Br2PD-10)

To a solution of di-tert-butyl 1-(prop-2-yn-1-yl)hydrazine-1,2-dicarboxylate Br2PD-9 (1.5 g, 5.55 mmol) in tert-BuOH (10 mL) and 

5% NaOH solution (0.5 mL) was added tert-butyl acrylate (3.22 mL, 22.2 mmol) and the reaction mixture was heated at 60◦C for 24 h. 

Following this, the solvent was removed in vacuo and the crude residue was dissolved in EtOAc (75 mL) and washed with H2O 

(3 × 25 mL). The organic layer was then dried (MgSO4), filtered and the solvent removed in vacuo to afford Br2PD-10 (1.84 g, 

4.6 mmol, 83%) as a clear oil. 1H NMR (400 MHz, CDCl3, rotamers) δ 4.69–3.58 (m, 2H), 3.85–3.65 (m, 2H), 2.69–2.60 (m, 2H), 

2.27 (t, J = 2.5 Hz, 1H), 1.60–1.38 (m, 27H).
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3-(4,5-Dibromo-3,6-dioxo-2-(prop-2-yn-1-yl)-3,6-dihydropyridazin-1(2H)-yl)propanoic acid (Br2PD-11)

Dibromomaleic anhydride (1.13 g, 4.14 mmol) was dissolved in AcOH (30 mL) and heated under reflux for 30 min. To this solution 

was added di-tert-butyl 1-(3-(tert-butoxy)-3-oxopropyl)-2-(prop-2-yn-1-yl)hydrazine-1,2-dicarboxylate Br2PD-10 (1.5 g, 3.76 mmol) 

and the reaction heated under reflux for a further 4 h. The solvent was removed in vacuo by co-evaporation with toluene and the crude 

residue was purified by flash column chromatography (25–100% (99% EtOAc, 1% AcOH)/petrol) to yield Br2PD-11 (926 mg, 

2.44 mmol, 65%) as a yellow powder. 1H NMR (400 MHz, DMSO-d6) δ 12.48 (br. s, 1 H), 4.91 (d, J = 2.4 Hz, 2H), 4.27 (t, J = 

7.4 Hz, 2H), 3.53 (t, J = 2.4 Hz, 1H), 2.66 (t, J = 7.4 Hz, 2H).

3-(4,5-Dibromo-2-((1-(1-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-3,7-dioxo-11,14,17-trioxa-2,8-diazanonadecan- 

19-yl)-1H-1,2,3-triazol-4-yl)methyl)-3,6-dioxo-3,6-dihydropyridazin-1(2H)-yl)propanoic acid (Br2PD-12)

To a solution of N1-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-N5-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)glutaramide 

Br2PD-8 (50.0 mg, 97.0 μmol) and 3-(4,5-dibromo-3,6-dioxo-2-(prop-2-yn-1-yl)-3,6-dihydropyridazin-1(2H)-yl)propanoic acid 

Br2PD-11 (44.3 mg, 116.6 μmol) in THF (10 mL) at 21◦C was added DIPEA (16.8 μL, 97.0 μmol) and CuI (9.4 mg, 48.5 μmol) and 

the mixture stirred at 21◦C for 5 h. The mixture was then filtered, and the solvent removed in vacuo. The mixture was dissolved in 

H2O (10 mL) and basified with sat. aq. NaHCO3 (10 mL), and then washed with DCM (3 × 10 mL). The organic phase was discarded, 

and DCM (10 mL) was added to the aqueous phase. The aqueous phase was then acidified with 4 M HCl until the evolution of CO2(g) 

stopped and the purple product mostly moved to the organic phase. The aqueous phase was then extracted with further DCM 

(3 × 10 mL). The combined organic phases were washed with brine, dried (MgSO4), filtered and the solvent removed in vacuo. 

The crude residue was purified by flash column chromatography (0–20% (99% MeOH, 1% AcOH)/DCM) to yield Br2PD-12 

(67.2 mg, 75.0 μmol, 77%) as a purple solid: 1H NMR (400 MHz, DMSO-d6) δ 8.47 (s, 1H) 8.42 (d, J = 8.3 Hz, 2H), 8.10 (s, 1H), 

7.88 (s, 1H), 7.51 (d, J = 8.3 Hz, 2H), 5.35 (br. s, 2H), 4.50 (t, J = 5.1 Hz, 2H), 4.38 (d, J = 6.0 Hz, 2H), 4.30 (s 2H), 3.78 (t, J = 

5.3 Hz, 2H), 3.51–3.43 (m, 10 H), 3.39 (t, J = 6.0 Hz, 2H), 3.18 (q, J = 5.9 Hz, 2H), 2.99 (s, 3H), 2.18 (t, J = 7.5 Hz, 2H), 2.10 (t, J = 

7.4 Hz, 2H), 1.76 (quint., J = 7.7 Hz, 2H).

N1-(2-(2-(2-(2-(4-((2-(1-azido-13-oxo-3,6,9-trioxa-12-azapentadecan-15-yl)-4,5-dibromo-3,6-dioxo-3,6- 

dihydropyridazin-1(2H)-yl)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-N5-(4-(6-methyl-1,2,4,5- 

tetrazin-3-yl)benzyl)glutaramide (Br2PD-Tz-N3)

To a solution of 3-(4,5-dibromo-2-((1-(1-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)-3,7-dioxo-11,14,17-trioxa-2,8-diazanonade

can-19-yl)-1H-1,2,3-triazol-4-yl)methyl)-3,6-dioxo-3,6-dihydropyridazin-1(2H)-yl)propanoic acid Br2PD-12 (40 mg, 45 μmol) in 
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DCM (2.5 mL) was added, at 21◦C, HATU (28.1 mg, 74 μmol), and DIPEA (5.78 mg, 45 μmol), and the reaction stirred for 5 min. Sub

sequently, to this solution was added at 21◦C a solution of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-amine (14.6 mg, 67 μmol) in 

DCM (2.5 mL), and the resulting solution was stirred at room temperature for 16 h. After this time, the reaction was diluted with EtOAc 

(10 mL) and washed with sat. aq. NaHCO3 (3 × 10 mL), 1 M HCl (3 × 10 mL), H2O (10 mL), brine (10 mL), dried (MgSO4), filtered and the 

solvent removed in vacuo. The crude residue was purified by flash column chromatography (0–10% MeOH in DCM) to afford Br2PD- 

Tz-N3 (16.7 mg, 15 μmol, 34%) as a purple solid. 1H NMR (500 MHz, CDCl3) δ 8.52 (d, J = 8.4 Hz, 2H), 7.84 (s, 1H), 7.50 (d, J = 8.5 Hz, 

2H), 6.74 (br. s, 1H), 6.65 (br. s, 1H), 6.43 (br. s, 1H), 4.65 (t, J = 6.8 Hz, 2H), 4.54 (d, J = 5.9 Hz, 2H), 4.50 (t, J = 4.9 Hz, 2H), 3.85 (t, J = 

5.1 Hz, 2H), 3.70–3.50 (m, 24 H), 3.41 (td, J = 10.3, 5.1 Hz, 6H), 3.09 (s, 3H), 2.66 (t, J = 6.8 Hz, 2H), 2.38 (t, J = 7.0 Hz, 2H), 2.35 (t, J = 

7.1 Hz, 2H), 2.01 (quint., J = 7.0 Hz, 2 H).

QUANTIFICATION AND STATISTICAL ANALYSIS

All error bars represent the mean ± standard deviation. In every figure, error bars are not shown if the standard deviation is smaller 

than the point. All concentrations were measured in triplicates when performing the ELISA assays, as indicated in the figure legend. 

Initial experiments of the DoE only used replicates for the center point (N = 5). Experiments for optimizing the reagent ratio were per

formed in duplicates, as indicated in the figure legend. Results of the DoE experiments were analyzed using factorial ANOVA using 

Statistica software. All data fitting and all other statistical analysis were performed using GraphPad Prism software.

No specific method was used to determine whether the data met assumptions of the statistical approach.
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