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ABSTRACT: This manuscript reports the identification of hy-
drophobic interaction chromatography (HIC)-shifting, non-
toxic linker-payload surrogates as tool molecules for the opti-
mization of maleimide/cysteine conjugations relevant to anti-
body-drug conjugates (ADCs). These tool molecules are 
demonstrated to allow conjugation measurement via HIC with 
a mAb (monoclonal antibody) bearing engineered cysteines, 
and for conjugation to mAb interchain cysteines. The 
linker/payload (LP) mimics were employed to optimize conju-
gations via high-throughput experimentation and employed to 
facilitate the development of continuous flow conjugations in a 
microfluidic reactor and on larger scale. Putative identification 
of the novel ADC mimics by HIC was confirmed by mass spec-
trometry. Overall, our studies provide confidence that commer-
cially available, non-toxic LP mimics can be employed success-
fully to optimize ADC-type conjugations in batch and flow, 
while minimizing materials needs and experimental work in 
specialized facilities required for potent compound handling. 

Introduction 
Antibody-Drug Conjugates (ADCs) are among the fastest grow-
ing drug modalities.1,2 ADCs combine monoclonal antibodies 
(mAbs) generally targeting specific antigens, such as cancer tis-
sues, with cytotoxic payloads3- 5 and have led to significantly in-
creased survival rates for cancer patients.6,7 For process devel-
opment of ADCs, the cytotoxic nature of the linker/payloads 
(LPs) is a challenge.8 Since scientists’ exposure to these toxic 
compounds needs to be minimized below specific thresholds,9 
experimental work is often confined to specifically designed la-
boratories. Establishing such spaces is costly and requires sig-
nificant capital investment and the associated work in isolators 
is cumbersome. Overall, the type of equipment that can be 
brought into and stored in such laboratories is severely con-
strained, which limits the number of studies that are typically 
performed to inform on process parameters of the conjugation 
step (i.e. the last synthetic step) and all subsequent steps of the 
ADC drug substance process. Importantly, one key technique of 
process development, the use of high-throughput experimen-
tation,10 is rarely employed for optimizing ADC conjugations. 

To address this challenge, we were inspired by the use of com-
mercially available, non-toxic ADC mimics for analytical devel-
opment, which have been used extensively in the literature.11-
14 The idea behind these model ADCs is simple, but compelling: 
since the payload is non-toxic, ADC mimics enable safer and 
more rapid development of analytical methods. Transferring 
this principle to conjugation process development would re-
quire identifying LP mimics that (i) are non-toxic; (ii) react sim-
ilarly to actual linker-payloads in conjugation; and (iii) enable 
the use of established analytical methods for conjugation anal-
ysis. Since analytical hydrophobic interaction chromatography 
(HIC) is often considered the gold standard for determining an 
ADC’s drug-to-antibody ratio (DAR; a key quality attribute of 
ADCs),15- 20 we focused our efforts on identifying linkers that 
mimic HIC shifts of the commonly used Monomethyl Auristatin 
E (MMAE) payload.1 Herein, we report the identification of HIC-
shifting LP mimics (Scheme 1) that allow HIC detection of ma-
leimide conjugation to both engineered21- 23 and interchain24,25 
cysteines. 
 

 

Scheme 1. Linker/Payload mimics for synthesis of custom 
ADC mimics and continuous flow conjugation develop-
ment. 

https://doi.org/10.26434/chemrxiv-2024-r4m2x ORCID: https://orcid.org/0000-0003-3355-1805 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-r4m2x
https://orcid.org/0000-0003-3355-1805
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 
These LP mimics were employed in high-throughput conjuga-
tion optimization and then leveraged to accelerate the develop-
ment of continuous flow conjugations. Overall, these studies 
demonstrate that commercially available, non-toxic LP mimics 
can be employed to optimize conjugation reactions. 
 
Results and Discussion 
Assembling a targeted maleimide collection. To identify 
suitable LP mimics, we began our investigation by testing a 
small collection of commonly available maleimides. These ma-
leimides (Scheme 2, bottom) were reacted with a mAb contain-
ing two engineered cysteine residues available for conjugation 
(target DAR2). To assess conjugation between the mAb with 
engineered cysteines and the first set of 8 maleimides, a HIC 
method (see the SI for details) with a NH4OAc salt gradient was 
employed. HIC traces obtained after 1 h of reaction time are 
shown in Scheme 2 (top). Unfortunately, no significant shifts in 
retention time compared to the DAR0 (not conjugated) mAb 
were observed. This suggests that none of the maleimides 
tested (MAL-1 to MAL-8) are suitable LP mimics. 
 

 

N

O

O
OH

O
N

O

O

NHBoc
OO

NO O
N

O

O

N

O

O

N

O

O

N

O

O

H
N

O

SO3H
H
NO

O

N

O

O

H
N

O
O

H
N

MAL-1

MAL-2 MAL-3

MAL-4

MAL-5

MAL-6

MAL-7 MAL-8

11 4O S
NH

HN O

8
CO2H

 

Scheme 2. HIC chromatograms of conjugation reactions be-
tween a mAb with 2 engineered free cysteines and MAL-1 
through MAL-8. Conditions: 1 h, room temperature (17-22°C), 
4 equiv maleimides, 10 mM histidine pH 5.5, 15 g/L mAb. 

 
Based on these data, we focused our efforts on higher through-
put testing of maleimide structures, providing the best chance 

to identify HIC-shifting LP mimics. Our approach to building a 
large collection of maleimides is visualized in Scheme 3 (for 
further details, see the SI). With this workflow, >90 compounds 
were assembled, which are available within our company for 
conjugation screening.  
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Scheme 3. Building a maleimide collection for high-
throughput screening: Workflow and filter rules. Bolded 
bonds in the structure prevent hits that have annulated rings. 

 
Assessment of maleimide collection. With the maleimide 
collection in hand, conjugation to the mAb with two engineered 
cysteine residues (target DAR 2) was re-tested. Reactions were 
sampled after 1 h and 18 h to allow assessment of short-term 
and long-term reactivity and to detect potential unclean reac-
tivity or decomposition. Analysis was performed via HIC chro-
matography after dilution with pH 5.5 histidine buffer and 
cooling to 5 °C (for further details, see the experimental section 
and the SI). No significant changes were obtained between the 
two different time points; therefore, only 1 h data are shown 
for the purpose of the discussion here (18 h data are provided 
in the SI). Several of the tested maleimides resulted in signifi-
cant shifts in the HIC assay, indicating their potential utility as 
LP mimics. Scheme 4 compares HIC traces of the non-conju-
gated mAb (D) with the conjugates of a strongly shifting malei-
mide (E), a weakly shifting LP mimic (C), a non-shifting malei-
mide (B), and a maleimide that results in the appearance of 
multiple broad, non-resolved peaks (A). The latter could be in-
dicative of the formation of multiple mAb conjugates, for exam-
ple via secondary reactivity of moieties on a non-inert malei-
mide; however, no further studies to identify the reaction prod-
ucts in Scheme 4A were performed. 
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Scheme 4. Examples of HIC chromatograms obtained from 
evaluating maleimide collection via conjugation. A. Decom-
position (MAL-45); B. No shift (MAL-42); C. Small shift (MAL-
36); D. decapped mAb starting material; E. Large shift (MAL-
27). Conditions: 1 h, room temperature, 4 equiv maleimides, 10 
mM histidine pH 5.5, 15 g/L mAb. 

 

Table 1. Top maleimides. 

Name HIC shift DAR0 
to DAR2 CAS Synonyms 

MAL-27 5.2 min n/a N-(Mal-PEG6)-N-
bis(PEG3-Boc) 

MAL-75 2.3 min 2128735-27-
1 

N-Mal-N-
bis(PEG4-NH-
Boc) 

MAL-78 2.3 min 1613382-10-
7 

Maleimido-
mono-amide-
DOTA-tris (t-Bu 
ester) 

MAL-82 3.3 min 2141976-33-
0 

endo-BCN-PEG3-
mal 

MAL-83 4.9 min 756487-18-0 Mc-Phe-
Lys(Boc)-PAB 

MAL-85 2.1 min 19735-68-3 

1-[4-(6-
methylbenzothi-
azol-2-yl)phe-
nyl]pyrrole-2,5-
dione 

MAL-97 2.8 min 1609659-01-
9 

TCO-PEG(3)-
maleimide 

 
 
Selection of top maleimides. Based on the result obtained, we 
selected the most promising maleimides to be used as LP mim-
ics in follow-up studies (Table 1 and Scheme 5). All of the top 
maleimides exhibit the following features: (i) They show signif-
icant shifts (i.e. >2 min) in the employed HIC method (30 min 
run time); (ii) they are commercially available; (iii) they show 
2 distinct peaks in HIC analysis that can be assigned to DAR1 
and DAR2 species respectively. 
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Scheme 5. Structures of top maleimides. Key HIC-shifting 
substructures are shown in red, while the maleimide handle for 
conjugation is shown in blue. 

 
From a structural standpoint, all of the top maleimides exhibit 
hydrophobic groups (Boc, tBu, aryl, cyclooctyne/BCN, cy-
clooctene/TCO; highlighted in red in Scheme 5) in remote po-
sitions from the maleimide connecting group (highlighted in 
blue), which would be pointing away from the linkage site (ma-
leimide) in aqueous solution. This common design concept 
likely enables good interactions between the hydrophobic sub-
structures and the hydrophobic stationary phase used in the 
HIC assay. Some of these linkers (MAL-82 & MAL-97) have the 
potential to not only be used for conjugation, but also provide 
a handle for further functionalization after conjugation: The cy-
clo-octyne functionality in MAL-82 and the trans-cyclooctadi-
ene group in MAL-97 are both primed for subsequent modifi-
cations via click chemistry.26,27 
SEC and MS analysis for selected DAR2 conjugates. To con-
firm the structure and clean formation of the desired ADC mim-
ics, reactions with three of the top-maleimides (MAL-27, MAL-
78, MAL-83) were repeated and analyzed by HIC, SEC (size ex-
clusion chromatography), and MS. HIC analysis (see Scheme 
6A) confirmed the formation of one main peak, putatively as-
signed to be DAR2, i.e., a mAb conjugated to two LP mimics. SEC 
analysis of the samples (see SI for details) revealed small 
amounts of high-molecular weight (HMW) species (aggre-
gates) in the starting material (0.6%). Upon 

https://doi.org/10.26434/chemrxiv-2024-r4m2x ORCID: https://orcid.org/0000-0003-3355-1805 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-r4m2x
https://orcid.org/0000-0003-3355-1805
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

treatment/conjugation with MAL-78, no increase was ob-
served; however, small increases to 1.1% and 1.7% HMW were 
observed with MAL-27 and MAL-83, respectively. No increase 
in lower molecular-weight (LMW) species (fragment for-
mation) was observed. 
Successful conjugations of the maleimides were further con-
firmed by offline 2D-HIC-RPLC MS of the main peaks. The un-
conjugated mAb peak is shown as peak 1 in Scheme 6A. Simi-
larly, peaks 2, 3, and 4 were assigned to the DAR2 species cor-
responding to MAL-83, MAL-27, and MAL-78, respectively 
(Scheme 6B). The MS values obtained are consistent with the 
expected values for DAR2 species.  
 

 

 
Scheme 6. MS analysis of the main peaks observed by of-
fline 2D-HIC-RPLC-MS.  
 
High-throughput conjugation optimization: Influence of 
pH and LP mimic loading on DAR. With the confirmation of 
key conjugate structures, we further evaluated the top malei-
mides in a high-throughput conjugation optimization. This ex-
periment was designed to test whether a 3-factor optimization 
(LP mimic identity vs. LP mimic loading/molar equivalents vs. 
pH) is a useful tool to study the factors that determine success 
in mAb conjugations. Thus, we designed the experiment to 
evaluate conjugation reactivity with the seven top maleimides 
in 4 different loadings (2.5 to 7.8 equiv) and at two pH values 

(pH 5.5 and pH 7.0). The results of this experiment are shown 
in Scheme 7 as pie charts representing the relative area percent 
of the different HIC peaks. Namely, the desired DAR2 species is 
represented in green, DAR1 in blue, the unconjugated starting 
material (DAR0) in light brown, and other, unidentified protein 
peaks are represented in red color. 
 

 

Scheme 7. Visualization of HTE conjugation data. Conditions: 
10 mM histidine buffer, 15 g/L decapped thio-mAb, 2 h, 22 °C. 

 
Analysis of these data reveals that conjugations generally pro-
ceed more readily at pH 7.0. This trend is more pronounced at 
lower loadings of LP mimic than at higher loadings; at 7.8 equiv, 
conjugation reactions are equally efficient at both tested pH 
values. Interestingly, the LP mimics show similar, but not iden-
tical reactivity. Again, these trends are most pronounced at 
lower loadings: For example, MAL-85 is almost unreactive at 
2.5 equiv; the major HIC peak in this reaction is the peak corre-
sponding to the unconjugated DAR0 species. MAL-27 is on the 
other end of the reactivity spectrum: regardless of reaction 
conditions, DAR2 is the main peak observed in the HIC trace. 
Interestingly, impurity profiles (undefined other peaks shown 
as red in Scheme 7) are also highly dependent on the LP mimic 
employed. MAL-97 produces the largest amount of unknown 
side products, which likely stems from undesired reactivity of 
the double bond in the TCO (trans-cyclooctene) moiety in aque-
ous media. Overall, this relatively simple high-throughput ex-
periment demonstrates the utility of LP mimics as model com-
pounds to rapidly identify suitable conjugation reaction condi-
tions. 
 
Comparability of LP mimics with vcMMAE LP for thio-mAb 
conjugation. One of the key assumptions of maleimide conju-
gation chemistry is that reactions between maleimides and cys-
teine residues in the respective mAb are rapid and quantita-
tive.28- 31 However, both the data presented in the last section 
and structure/reactivity relationships published in the litera-
ture,32,33 suggest that the structure of the LP (mimics) can in-
fluence the DAR distribution, and thus, the quality of the ADC 
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(or ADC mimic in our case) obtained via conjugation. There-
fore, key to the successful use of the established LP mimics 
would be the ability to identify the subset of LP mimics that 
show comparable conjugation reactivity with an actual LP of 
interest. For this purpose, we chose a MMAE-based LP as the 
reference LP since MMAE is frequently used as payload in ADCs 
in clinical and pre-clinical research;34,35 and MMAE-bearing LPs 
are commercially available from several vendors. 
For direct comparison, we chose two conjugation conditions 
for the MMAE LP that were already tested in the HTE optimiza-
tion shown in Scheme 7. Specifically, we selected a LP loading 
of 3.5 or 7.8 equiv in 10 mM histidine buffer at pH 5.5. Scheme 
8 graphically compares the DAR distributions obtained with 
the MMAE LP with the overall results obtained with the LP 
mimics. 
 

 

Scheme 8. Comparison of DAR distribution with LP mimics 
and MMAE LP. Conditions: 10 mM histidine buffer, 15 g/L 
decapped mAb, 22 °C. DAR2 percentage for the reactions with the 
MMAE LP and for LP mimics most similar to the MMAE LP are 
shown in the graphic. 

Interestingly, higher amounts of the MMAE LP in the reaction 
mixture leads to an increase in DAR2 from 77% (at 3.5 equiv) 
to 83% (at 7.8 equiv). MAL-78 and MAL-82 show a similar be-
havior, in which the amount of DAR2 increases when the LP 
mimic loading is increased. Other LP mimics show relatively lit-
tle change in DAR2 regardless of the loading; this is true for 
MAL-27 (82% DAR2 at either loading) and MAL-83 (79/78% 
at 3.5/7.8 equiv, respectively). Overall, MAL-27, MAL-78, 
MAL-82, and MAL-83 all provide similar reactivity to the 
tested MMAE LP, suggesting they could be suitable replace-
ments of a toxic LP for conjugation reaction development out-
side of a potent lab space. In contrast, MAL-75, MAL-85, and 
MAL-97 significantly underperform in conjugation with the 
thio-mAb in hand. In conclusion, our studies illustrate that not 
each LP mimic is suitable for substituting a given LP in conju-
gation reaction development. Based on the HTE data shown in 
Scheme 8, we recommend testing a small set of maleimide can-
didates and compare conjugation results to those obtained 
with a LP of interest. This approach is likely to lead to identify-
ing the best-suited LP mimics for a given conjugation develop-
ment challenge. 
 
LP mimics for conjugation at interchain cysteine sites. In a 
next step, we explored the suitability of LP mimics for 

visualizing the distribution of DAR species obtained from con-
jugation of inter-chain cysteine residues; a mAb without engi-
neered cysteines was employed for these studies. Such cyste-
ines are typically revealed for conjugation via reduction with 
TCEP (tris(2-carboxyethyl)phosphine).36,37 We considered this 
study a good approach to further probe the validity of the LP 
mimic concept, as success for these conjugations would allow 
the identification of up to 9 different peaks (ranging from DAR0 
to DAR8) in a HIC chromatogram. 
To investigate this hypothesis, our HTE design included 4 dif-
ferent reduction/conjugation conditions (1.0 or 2.1 equiv 
TCEP; 3.0 or 4.5 equiv LP mimic; see Scheme 9); 15 reagents 
from the maleimide collection were used to test for conjuga-
tion. The selected maleimides included well-performing LP 
mimics from the studies above (e.g., MAL-27, MAL-83) as well 
as some less HIC-shifting LP mimics (e.g., MAL-79) as negative 
controls.  
Selected HIC chromatograms obtained from this screen are de-
picted in Scheme 10 (for all HIC-chromatograms, see the SI). 
Excitingly, one LP mimic (MAL-27) shows the desired, almost 
statistical distribution of DAR0/2/4/6/8 peaks (Scheme 10E) 
with baseline resolution for all peaks.  
 

 
Scheme 9. Experimental design for high-throughput evaluation 
of LP mimics (MAL-#) in conjugation reactions with inter-
chain cysteines. Color-shaded columns show LP mimics tested; 
rows indicate the screening conditions (molar equivalents of phos-
phine reductant TCEP and LP mimic). Conditions: 16.2 g/L mAb, 
pH 7.2, phosphate buffer, 22 °C, 90 min reduction time + 30 min 
conjugation time.  
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Scheme 10. Selected HIC chromatograms showing distribution 
of DAR0 to DAR8 species for various LP mimics. A. DAR0 peak 
before TCEP treatment (intact mAb). B. Peak separation including 
two DAR4 peaks with MAL-83. C. No baseline separation with 
MAL-81. D. Peak separation including two DAR4 peaks with 
MAL-75. E. Good peak separation with MAL-27. F. No peak sep-
aration with MAL-79. Conditions: phosphate buffer pH 7.2, 2.1 
equiv TCEP, 22 °C, 90 min; 4.5 equiv LP mimic, 45 min.  

 

Figure 1. Possible positional isomers for DAR4 conjugates. 

LP or LP mimic
Inter-chain disulfide bond  

 
Other maleimides show similar results: Reactions with both 
MAL-83 and MAL-75 also provide HIC chromatograms with 
baseline-separated peaks (Scheme 10B/D). However, both 
chromatograms also show an additional peak right next to the 
DAR4 peak, which could be attributed to another DAR4 posi-
tional isomer38 (see Figure 1); however, no further identifica-
tion of these peaks was pursued. Another notable outcome is 
the HIC chromatogram obtained with MAL-81: even though the 
peaks are not baseline-separated, each peak is clearly visible 
(Scheme 10C). This finding is in agreement with MAL-81 being 
a LP mimic that does not shift the HIC peaks to the same mag-
nitude as previously observed with MAL-27 or MAL-83. Fi-
nally, several LP mimics tested do not show any shift in the HIC 
chromatogram (e.g., MAL-79; Scheme 10F) or show several 
peaks that are not identifiable, either due to peak overlap or no 
clear peak distribution (see the SI). Overall, MAL-27 emerged 

as the best LP mimic, providing both baseline separation and a 
well-defined distribution of peaks. Confirmation of the identity 
of the observed peaks (DAR0/2/4/6/8) was performed by na-
tive SEC-MS (see the SI for details). 
Having identified MAL-27 as a suitable LP to visualize DAR dis-
tribution, we investigated the different species obtained when 
varying loadings of reductant (TCEP) and LP mimic. As ex-
pected, delivering substoichiometric amounts of reductant by 
lowering the TCEP loading from 2.1 equiv (Scheme 11B) to 1.0 
equiv (Scheme 11C), resulted in DAR2 as the major conjugation 
species. Maintaining the TCEP loading at 2.1 equiv and decreas-
ing the MAL-27 loading to 3.0 equiv (Scheme 11D) results in 
new peaks in the HIC chromatogram. Based on their retention 
times, these new peaks could be odd DAR species 
(DAR1/3/5/7) formed due to the limited amount of MAL-27. 
 
 

 

Scheme 11. Selected HIC chromatograms showing distri-
bution of DAR0 to DAR8 species for MAL-27 conjugation af-
ter TCEP treatment under reaction conditions. A. DAR0 
peak before TCEP treatment (intact mAb). B. Statistical distri-
bution with main peak DAR4 with 2.1 equiv TCEP/4.5 equiv 
MAL-27. C. Shifted peak distribution with 1.0 equiv TCEP/ 4.5 
equiv MAL-27. D. Additional peaks (likely DAR1/3/5/7) at low 
amounts of maleimides (2.1 equiv TCEP/ 3.0 equiv MAL-27). 

 
Analyzing the high-throughput array of conjugation reactions 
(Scheme 9) by SEC (for details, see the SI) reveals that most re-
actions show ~98% of the main protein peak. This suggests 
that very few reduction/conjugation conditions lead to signifi-
cant mAb aggregation or fragmentation. For MAL-27, the main 
LP of interest, this trend is true for all reaction conditions but 
one: Elevated fragmentation (2.7% LMW) is observed when 
treating the mAb with 2.1 equiv TCEP + 3.0 equiv MAL-27. This 
suggests that the lower amount of MAL-27 in this reaction 
leads to fragment formation, likely via uncontrolled TCEP re-
duction. As TCEP and maleimides are known to react with each 
other,39,40 this suggests that the excess of maleimide used in the 
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other reaction mixtures also prevents damage to the mAb 
structure by quenching the remainder of non-oxidized TCEP af-
ter the allotted reaction time. 
Overall, the key takeaway from the combination of the herein 
described high-throughput conjugation studies is that the best 
LP mimics (MAL-27, 75, 83) seem to be a general solution for 
visualizing conjugation reactivity of MMAE-bearing mAb con-
jugates. This conclusion is valid across different salt gradients 
(NH4OAc vs. (NH4)2SO4/K2HPO4), HIC columns from different 
manufacturers and with different stationary phases (TSKgel 
Butyl-NPR vs. Sepax Proteomix Phenyl NP-1.7), and across dif-
ferent types of cysteines employed in conjugation (engineered 
vs. inter-chain cysteine sites). Based on these results, we expect 
that the LP mimics described herein will contribute to acceler-
ate conjugation reaction optimizations with impacts on pro-
cess, analytical, and technology development alike.  
 
Flow conjugation in microfluidic reactors: minimizing ma-
terials requirements for conjugation optimization in flow. 
After considering the various types of technologies that could 
benefit from access to the LP mimics described above, we iden-
tified the development of continuous flow reactors for conjuga-
tion reactions as a meaningful application. In the context of 
ADC synthesis, continuous flow technology could offer several 
advantages to improve the outcome of conjugation reactions:  
(i) Flow reactors enable tight control of reaction parameters 
(e.g., stoichiometry, temperature, and reaction time).41 Thus, 
we hypothesized that a continuous flow conjugation may lead 
to improved drug/antibody ratios (DARs), and tighter DAR dis-
tribution through improved reaction control. (ii) From a pro-
cess development standpoint, the implementation of a contin-
uous flow approach for ADC conjugation would integrate well 
with continuous manufacturing  for intensified mAb pro-
cesses.42-4344 (iii) Finally, as a stand-alone continuous step, flow 
conjugation could offer additional operational advantages such 
as a small reactor footprint  and single use reactors; both would 
be beneficial to facilitate the safe handling of toxic LPs. 
To realize these goals, we envisioned a workflow to validate the 
best results obtained via HTE batch screening in a microfluidic 
reactor.45 Such miniaturization would not only offer a scale-
down model of a larger scale flow reactor, but also minimize 
the amount of mAb required for initial testing. We considered 
the latter an important advantage for projects with limited 
mAb availability, common in early development programs. 
Thus, we set out to design and evaluate different microfluidic 
mixers for conjugation. Rather than relying on commercially 
available yet expensive glass microchips, we chose to focus on 
the design and fabrication of custom-made micromixers. The 
decision to employ custom-made micromixers and to fabricate 
them in-house also enabled rapid turn-around and testing of 
different mixer geometries. Our goals at the outset were two-
fold: (i) to identify a fabrication material compatible with mAb 
conjugation and (ii) to develop a micromixer geometry afford-
ing sufficient mixing of two streams at low flow rates (µL/min).  
For microfluidic fabrication, the workflow we adopted in-
volved 3D-printing of molds, followed by polydimethylsiloxane 
(PDMS) soft-lithography and off-ratio bonding to a glass slide 
(see SI for fabrication and mixing testing details).46 Once fabri-
cation was complete, the different micromixers were tested by 
flowing two colored solutions (i.e., blue vs. red) through the 
channels at a range of desired flow rates (10 µL/min to 100 
µL/min for each stream). Appearance of a uniform color after 
the point of mixing observed via a microscope was interpreted 

as a visual representation indicating sufficient mixing for a spe-
cific mixer geometry (see SI for pictures and more details). 
Efficient mixing was achieved with the connected-groove mixer 
geometry design47 (see SI), which was selected for subsequent 
flow conjugation experiments. 
The flow set-up used for continuous conjugations is shown in 
Figure 2. It is comprised of two syringe pumps (for dispensing 
mAb and LP mimic solutions), capillary tubing (PTFE ID=0.01 
in) connecting the micromixer to the pumps, and an additional 
aging coil (PTFE tubing ID=0.01 in) to reach the target resi-
dence time. Samples collected at the reactor outlet were imme-
diately diluted and quenched prior to analysis (see experi-
mental procedure and SI for details). Initial flow experiments 
were designed to compare HTE batch and microflow results 
employing a selection of promising LP mimics. To simplify HIC 
analysis, these conjugations were performed with a mAb with 
two engineered cysteines. An overview of selected results is de-
picted in Scheme 12. 
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Figure 2. Microfluidic set-up for conjugation optimization. 

 
Scheme 12. Overview of continuous flow conjugation opti-
mizations in microfluidic reactor. A. DAR% and average DAR 
obtained for MAL-27, MAL-75, and MAL-78; 6 min residence 
time, 3.5 equiv MAL. B. Residence time optimization: 3 to 12 
min residence time, 3.5 equiv LP mimic. C. LP mimics loading 
optimization: 6 min residence time, 2.5 to 7.5 equiv LP mimics. 

In Scheme 12A, the best results obtained with three different 
LP mimics were compared with the corresponding results ob-
tained in batch; all flow conjugations used a 6 min residence 

https://doi.org/10.26434/chemrxiv-2024-r4m2x ORCID: https://orcid.org/0000-0003-3355-1805 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-r4m2x
https://orcid.org/0000-0003-3355-1805
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

time. MAL-27 showed comparable results in batch and flow 
(DAR 1.74 and 1.76, respectively). Conjugations with MAL-75 
resulted in an increased DAR relative to batch (DAR 1.72 vs. 
1.53), while MAL-78 yielded in worse results than in batch 
(DAR 0.90 vs. 1.76). We attributed the latter result to the poor 
stability of MAL-78 in the buffer/DMSO mixture used for dos-
ing this LP mimic. This hypothesis was confirmed by demon-
strating that aged solutions of MAL-78 showed either poor or 
no conversion, both in batcha and in flow (see SI for details). 
Finally, conjugations employing MAL-83 (data not shown) 
demonstrate the limits of conjugations in flow: due to the poor 
solubility of MAL-83 in DMSO/buffer mixtures, precipitation 
occurred during flow conjugation, resulting in reactor clogging.  
A second round of flow optimizations focused on determining 
ideal residence times for the two most promising LP mimics 
MAL-27 and MAL-75. As shown in Scheme 12B, a residence 
time of 6 min was found necessary to obtain high DARs for 
MAL-27. Lower DARs were observed with a 3 min residence 
time, while a longer residence time of 12 min showed no  im-
provement. For MAL-75, an optimum residence time of 12 min 
resulted in a slightly improved DAR.  
Finally, a range of different LP mimic loadings was evaluated 
with the goal to minimize the amount required for full conver-
sion (Scheme 12C). This is an important consideration for con-
jugation processes, especially when using toxic LPs for ADC 
production: in such situations, minimizing LP loadings would 
result in a lower process mass intensity (PMI) and minimize the 
potential for exposure to toxic process intermediates. For the 
two different LP mimics tested here, distinctly different reac-
tivities were obtained in this screen : Lowering the loading of 
MAL-27 had only a minimal impact on reaction outcomes, with 
an average DAR of 1.74. This is in agreement with the data from 
the HTE work above (see Scheme 7), suggesting that the conju-
gation efficiency of MAL-27 is maintained across a broad range 
of LP mimic loadings. In contrast, the results obtained with 
MAL-75 show that conjugations with this LP mimic have a 
higher variability depending on the loadings used: the highest 
DAR (1.78) was obtained with at least 4.5 equiv, while lowering 
the loading to 2.5 equiv resulted in a DAR of 1.71. Based on 
these results, we ultimately selected MAL-27 as the tool mole-
cule for further scale-up of continuous flow conjugations. 
Flow conjugation scale-up. In the next step, we translated the 
promising results obtained with the microfluidic set-up to a 
larger scale. Employing a reactor suitable for both gram scale 
and kg-scale processing generally offers a lower barrier for fu-
ture implementation in manufacturing settings. With this goal 
in mind, we identified a prototype in-line static mixer offering 
good mixing across a broad range of flow rates and employed 
it to test the conjugation on 0.5 g scale.48. The set-up for larger 
scale conjugations closely resembled the microflow system; 
peristaltic pumps suitable for flow rates in the range of mL/min 
and larger diameter tubing (ID 1.60 mm, Platinum-cured Sili-
cone tubing; see details in SI) were employed. The system was 
tested for continuous conjugation for an extended period of 
time (80 min). Slip stream samples were collected at the reac-
tor outlet and analyzed by HIC. As depicted in Figure 4A, a con-
sistent DAR distribution was observed throughout the experi-
ment, highlighting the robustness of this approach. Analysis of 
the bulk material collected over the course of the experiment 
(Figure 4B) showed comparable results to what had been ob-
served in the microfluidic scale . These data demonstrate that 
our initial small-scale results were reliably reproduced on a 
significantly larger scale (~50 x scale-up from microfluidic re-
sult to 0.5 g scale). 

 

 

Figure 4. Flow scale-up results. A. HIC area percent of DAR1 
and DAR2 from time-resolved sampling at reactor outlet during 
continuous flow conjugation with MAL-27 (see experimental 
section for procedure details). B. Comparison of conjugation re-
sults with MAL-27 in batch, microflow and scale-up in flow. 

 
Summary and Conclusions 
In summary, this manuscript details the identification of HIC-
shifting LP mimics that allow conjugation reaction develop-
ment without the use of toxic LPs, resulting in the synthesis of 
mAb-specific ADC mimics. Key to success was the assembly of 
a collection of commercially available maleimides in combina-
tion with high-throughput evaluation of their respective conju-
gation reactions. The herein described tool molecules allow the 
extensive use of high-throughput optimization for rapid identi-
fication of favorable conjugation conditions. Benchmarking the 
best LP mimics against a MMAE LP in conjugation with an anti-
body bearing two engineered cysteine residues enabled the 
identification of LP mimics with comparable reactivity. Addi-
tionally, the top LP mimics also visualized the statistical mix-
tures of DAR species obtained by the TCEP-promoted reduction 
of mAb interchain disulfide bonds. Finally, the non-toxic nature 
of the LP mimics enabled rapid technology development for 
conjugation. Specifically, we demonstrate the development of a 
microfluidic platform for flow conjugation optimization. More-
over, successful translation beyond the microfluidic scale (i.e. 
0.5g of mAb) validated the initial results and highlighted the ro-
bustness and reproducibility of this approach. 
Overall, we consider the work described herein to be a valuable 
addition to the available toolbox for conjugation reaction de-
velopment. Beyond reaction optimization and continuous flow 
development, we anticipate that this approach will find use in 
the development of other technologies. For example, the malei-
mide collection has the potential to enable the synthesis of on-
demand, diverse ADC mimics for analytical development.11-14 
Further applications in the context of continuous process de-
velopment could be in the validation of separation technologies 
(e.g., UF/DF), flow scale-up reactor design, and other aspects of 
initial process development requiring an understanding of ADC 
conjugations. In conclusion, the tools described herein provide 
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the opportunity to eliminate operators’ exposure to toxic 
linker/payloads across different applications. 
 
Experimental Procedures 
Further details of reagent and mAb sourcing, synthetic and an-
alytical equipment used, structural information of LP mimics, 
and all data are reported in the SI. 
Conjugation HTE Screen with mAb bearing engineered cys-
teine residues. A 15 g/L solution of mAb with decapped engi-
neered cysteine residues in 10 mM histidine buffer pH 5.5 was  
allowed to thaw (from -80 °C storage) at room temperature 
over 1 h. For each LP mimic, a 10.1 mM solution in dimethyl-
sulfoxide was prepared. 10 μL (corresponding to 0.101 μmol, 
10 equiv) of maleimide solution was added to the appropriate 
well of a 96-well plate (for 2D screen design details, see the SI). 
Then, 100 μL of the mAb stock solution (corresponding to 
0.0101 μmol, 1.0 equiv) was added to each well. Reactions were 
sampled after 1 and 18 h. For HIC analysis, 45 μL of reaction 
solution was diluted to 500 μL with 10 mM histidine buffer pH 
5.5. 6 μL of the resulting solution (corresponding to 10 μg) 
were injected onto a HIC column (Sepax Proteomix Phenyl NP-
1.7 4.6 x 100 mm, 1.7 µm); analysis was performed with a gra-
dient of 85% mobile phase A (3.0 M NH4OAc with 50 mM 
K2HPO4, pH 7.0, 5% acetonitrile)/15% mobile phase B (5% ac-
etonitrile) to 25 % A/ 75% B (column temperature 35 °C, see 
SI for further method details). Peak detection was performed 
at 280 nm; high-throughput visualization and integration was 
performed using Virscidian Analytical Studio Professional.  
3-Factor HTE with mAb bearing engineered cysteine resi-
dues: LP mimics, LP mimic equivalents, pH. 17.8 mM stock 
solutions of LP mimics in dimethylsulfoxide were prepared. 
The decapped mAb solution (15 g/L in 10 mM histidine, pH 5.5) 
was  allowed to thaw (from -80 °C storage) at room tempera-
ture over 1 h. A 0.75 M Na3PO4 solution was prepared and fil-
tered through a 0.2 μm filter. The mAb stock solution was di-
vided equally into two vials. One part of the solution was used 
directly for screening; the other was adjusted to pH 7.0 with a 
Na3PO4 solution . The maleimide solutions (2.9 to 8.9 μL; 
0.0516 μmol to 0.1584 μmol; 2.54 to 7.80 equiv maleimide) 
were added to the high-throughput plate first, followed by ad-
dition of 200 μL (corresponding to 0.0203 μmol; 1.0 equiv) of 
decapped mAb solution (pH 5.5 or pH 7.0). The reactions were 
placed onto a shaker (300 rpm, 22 °C) for 18 h and analyzed by 
HIC, employing the same method described in the conjugation 
HTE procedure (see also SI for further method details.) 
3-Factor HTE with mAb to conjugate inter-chain cysteine 
residues: LP mimics, LP mimic loading, TCEP loading. 9.0 
mM stock solutions of maleimides in N,N-dimethyl acetamide 
were prepared. Solutions were stored at 5 °C for 2 h until use. 
A 5.0 mM stock solution of tris(2-carboxyethyl)phosphine hy-
drochloride (TCEP) in water was prepared. A 40.6 g/L solution 
of mAb in 15 mM acetate buffer, 5% (w/v) sucrose, 0.02% 
(w/v) Polysorbate-80 (PS80), pH 5.2 was removed from 
the -80 °C freezer and allowed to warm to room temperature 
over 1 h. 4.0 mL of this solution was diluted with 6.0 mL 48 mM 
phosphate buffer (pH 8.05, 2.67 mM EDTA disodium). The re-
sulting solution was pH adjusted to pH 7.2 with 1 M AcOH so-
lution. The solution was then split into two vials (5.00 mL, 
0.5491 μmol, 1.00 equiv mAb per vial). 108.5 μL (0.5425 μmol, 
1.0 equiv) or 232.8 μL (1.164 μmol, 2.12 equiv) TCEP stock so-
lution was added to the respective vial. The mixtures were 
shaken gently (300 rpm, 22 °C; Eppendorf ThermoMixer® C) 
for 90 min.  

Maleimide stock solutions (3.5 μL to 5.3 μL; 0.0315 μmol to 
0.0477 μmol; 3.0 to 4.5 equiv) were dispensed into a 96 well 
plate. After the reduction reaction time was complete (90 min), 
100 μL of the reduction reaction solutions (corresponding to 
0.0107 μmol mAb) were dispensed across the conjugation 
plate as required by the HTE design. The conjugation reaction 
mixtures were shaken gently (300 rpm, 22 °C) for 30 min. After 
the conjugation reaction time was completed, the mixtures 
were added to a quench plate containing 300 μL 10 mM histi-
dine buffer pH 5.5 and 2.3 μL 1 M AcOH solution per well. 12 μL 
of the resulting solutions (46.5 μg) were injected for HIC anal-
ysis. 7 μL of the resulting solutions (27 μg) were injected for 
SEC analysis. For details on the methods used for HIC and SEC 
analysis, see the SI. 
Conjugation with mAb bearing engineered cysteine resi-
dues in a microfluidic flow reactor. A 15 g/L (0.1011 mM) 
solution of mAb with decapped engineered cysteine residues in 
10 mM histidine buffer pH 5.5 was  allowed to thaw (from -80 
°C storage) at room temperature over 1 h. The mAb solution pH 
was adjusted to 7.0 by addition of 1.25 M Na3PO4. For each ma-
leimide to be tested, a solution in water/DMSO 9:1 was pre-
pared by weighing the desired amount of LP mimic and dissolv-
ing in DMSO first, followed by slow addition of water. The LP 
mimic solution concentration was selected in order to afford a 
MAL loading of 2.5, 3.5, 4.5 or 7.5 equivalents when flowing at 
a 1:1 flow ratio relative to the mAb. For example, for 3.5 equiv 
MAL-27, a 0.3538 mM solution in water/DMSO 9:1 was pre-
pared. The mAb and LP mimic solutions were used as-is and 
flowed through the micromixer and aging coil at a flow rate of 
30 μL/min each (60 μL/min total flow rate). Given the reactor 
volume of 360 μL, this flow rate corresponded to a residence 
time of 6 minutes. Upon exiting the reactor, 100 μL of reaction 
mixture (1 min 40 sec collection time) were collected in a vial 
containing 350 μL of pH 5.5 10 mM His buffer and 5 μL of 1 M 
AcOH to quench reaction. Analysis via HIC chromatography (5 
μL/12 μg injection) was performed with the same method de-
scribed above for batch experiments (see also SI for further 
method details). 
Conjugation with mAb bearing engineered cysteine resi-
dues in a larger flow reactor. A 15 g/L (0.1011 mM, 25 mL) 
solution of mAb with decapped engineered cysteine residues in 
10 mM histidine buffer pH 5.5  was  allowed to thaw (from -80 
°C storage) at room temperature over 1 h. The mAb solution pH 
was adjusted to 7.0 by addition of 1.25 M Na3PO4. A solution of 
MAL-27 in water/DMSO 9:1 was prepared by weighing 16 mg 
into a volumetric flask. MAL-27 was dissolved in 5 mL of DMSO, 
followed by slow addition of pH 7 10 mM His buffer to a total 
volume of 50 mL (0.303 M). To maximize solution stability of 
the LP mimics in buffer/DMSO mixtures, the addition of buffer 
to reach the desired volume was done immediately before the 
start of the flow experiment. Both solutions were flowed 
through the mixer and aging coil at a flow rate of 0.428 mL/min 
each (0.857 mL/min total flow rate). Given the total reactor 
volume of 6.27 mL post mixing, this flow rate corresponded to 
a residence time of 7 minutes. During flow operation, the out-
coming stream was discarded to waste for the first 10 min to 
allow for system equilibration and then collected in a new frac-
tion in 5 min increments for a total flow time of 70 min. In ad-
dition, samples of 300 μL of reaction mixture (21 sec collection 
time) were taken at regular intervals of 10 or 5 minutes. These 
samples were diluted with 1050 μL of pH 5.5 10 mM His buffer 
and 15 μL of 1 M AcOH as reaction quench. Analysis via HIC 
chromatography (5 μL/12 μg injection) was performed with 
the same method described above for batch experiments.  
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