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ABSTRACT
Introduction: Formulation research benefits from high-throughput excipient screening methods, 
considering the ever-growing excipient space. We investigate the use of 384-well plates as 
freeze-drying containers and for subsequent analyses, to screen the effect of excipients on the 
stability of proteins during freeze-drying. Methods: For both the preparation and analysis 
methods of a range of β-galactosidase formulations, an 8-tip pipetting robot was used. 
Formulations were lyophilized in 384-well plates, which were also used for subsequent enzymatic 
activity assessment, serving as an indication of protein stability. Results: Excipient screening 
revealed that threonine, histidine, arginine, sucrose, and trehalose enhance the recovery of the 
enzymatic activity of β-galactosidase compared to the protein freeze-dried in buffer without 
other excipients. Moreover, pullulan only showed a stabilizing effect when it was combined with 
low-molecular-weight excipients that by themselves were poor stabilizers, which was especially 
the case for serine and to some extent for valine. Discussion: There were no significant differences 
in enzymatic activity when comparing the automated 384-well plate freeze-drying method with 
a common in-vial method, while offering the added sustainability benefits of increased throughput, 
reduced workload, and lower protein and reagent usage. This approach might be suitable for the 
pre-selection of viable formulations.

Introduction

In 2023, 15 out of the 25 highest revenue drugs were 
biopharmaceuticals [1], and this trend is likely to con-
tinue. Notwithstanding, process and storage stability 
remain a major obstacle during development of new 
products. Some common strategies to improve protein 
stability include, amongst others, modifying the solu-
tion’s pH, the concentration and choice of buffer com-
ponents, and using surfactants to prevent interfacial 
adsorption [2], as well as stabilizers such as amino 
acids, sugars or polymers to increase conservation of 
the protein’s native state [3,4]. Alternatively, protein sta-
bility can be improved by bringing active pharmaceuti-
cal ingredients (API) in the solid state, resulting in 
reduced degradation reaction kinetics due to reduced 
molecular mobility. To this end, freeze-drying is often 
used as a relatively gentle drying method. Nevertheless, 

for freeze-drying, excipients are also often necessary to 
improve protein stability. As such, over the past few 
decades, many excipients have been introduced to the 
market, resulting in virtually limitless combinations 
when developing a biopharmaceutical formulation. To 
illustrate, as of June 2020 there were 211 biopharma-
ceuticals approved by the FDA, represented by 665 dif-
ferent formulations, out of which 397 formulations used 
a unique combination of excipients [5]. Besides the 
marketed excipients, there is also active research into 
new excipients and repurposing existing excipients for 
new roles, such as the use of amino acids as lyopro-
tectants [6]. Due to the virtually limitless excipient com-
binations, sample sizes quickly become hard to manage 
through classical freeze-drying screening methods.

To minimize costs, time, and efforts spent during 
the development phase, high-throughput screening of 
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excipients can be used as a strategy to narrow down 
to a list of viable freeze-drying pre-formulations for 
subsequent thorough characterization. Firstly, the 
freeze-drying process can be time-consuming and any 
method to shorten it increases screening throughput 
and scalability. Several studies have been published on 
freeze-drying sample volumes in the microliter range, 
using 96-well plates as sample containers, which could 
also be conveniently used during subsequent analyses 
[7–11]. To take this a step further, Coussot and col-
leagues [12] were, to the best of our knowledge, the 
first to freeze-dry using 384-well plates, although their 
work was focused on preparing freeze-dried well plate 
assays to detect antigens. To build on these works, in 
this study, we show that 384-well plates can also be 
used to screen the effect of excipients on protein sta-
bility during freeze-drying, namely the stability of 
β-galactosidase. To this end, we evaluated the stabiliz-
ing capacity of a range of excipient combinations 
comprising a polysaccharide and low-molecular-weight 
excipients in various ratios. Such combinations have 
been shown in prior studies to exhibit strong stabiliz-
ing potential [13,14]. To assess β-galactosidase stabil-
ity, we used its enzymatic activity, before and after 
freeze-drying, as stability indicating readout, using a 
straightforward colorimetric assay. In addition to using 
384-well plates, we employed a relatively short 
freeze-drying cycle and an 8-tip pipetting robot to 
handle all solution processing, as well as preparing 
and performing the enzymatic activity assays, to fur-
ther increase throughput. Finally, the results of this 
proof-of-concept 384-well plate-based screening 
method were compared to those of a conventional 
in-vial method, to demonstrate its suitability for a pre-
liminary selection of viable formulations.

Materials and methods

Materials

Bovine serum albumin (BSA), 4-(2-hydroxyethyl)-1-p
iperazineethanesulfonic acid (HEPES), magnesium 
dichloride, arginine hydrochloride (denoted as argi-
nine), L-histidine, L-serine, L-threonine, L-valine, and 
ortho-nitrophenyl-β-galactoside (ONPG) were obtained 
from Sigma-Aldrich (Zwijndrecht, The Netherlands). 
Sodium dihydrogen phosphate dihydrate and diso-
dium hydrogen phosphate dihydrate were obtained 
from Merck (Rahway, NJ, United States). β-Galactosidase 
was obtained from Sorachim (Lausanne, Switzerland). 
Sucrose and trehalose dihydrate were gifts from  
DFE Pharma (Goch, Germany). Pullulan (average 
molecular weight 200–300 kDa, <10% mono-, di- and 

oligosaccharides) was a generous gift from Hayashibara 
(Okayama, Japan).

Formulation preparation and freeze-drying

Stock solutions of arginine, histidine, serine, threonine, 
valine, sucrose, trehalose, and pullulan were prepared in 
2 mM HEPES buffer of pH 7.4 ± 0.1 at a concentration of 
1 mg/mL. Solutions of β-galactosidase of 1 mg/mL were 
prepared fresh in 2 mM HEPES buffer of pH 7.4 ± 0.1. To 
assess reproducibility and whether freeze-drying in outer 
wells resulted in significantly different enzymatic activity 
from inner wells, so-called edge effects, a β-galactosidase- 
trehalose formulation with an excipient to protein weight 
ratio of 99 to 1 was prepared manually. The formulation 
had a final β-galactosidase concentration of 10 µg/mL. 
Subsequently, the entire 384-well plate except row A, 
which was used for a calibration curve, was filled with 
10 µL per well and then freeze-dried.

For subsequent screening experiments, a JANUS 
Expanded AJL8001 Automated Liquid Handler (Perkin 
Elmer, Waltham, MA, United States) was used to make 
30 unique protein formulations, by mixing stabilizer 
and protein stock solutions in a 99 to 1 volume ratio 
in a 96-deep-well plate, including the control formula-
tion of β-galactosidase in buffer. Subsequently, 10 µL 
of each of these formulations were transferred from 
the 96-deep-well plate in triplicate into a 384-well 
plate. To freeze-dry the samples, the 384-well plate 
was centrifuged and placed on a custom-made alumi-
num platform, which was pre-cooled to −55 °C in a 
Martin Christ Epsilon 2–4 LSC plus freeze-dryer (Salm 
& Kipp, Breukelen, The Netherlands). The aluminum 
platform was used to facilitate heat transfer from the 
well bottoms to the cooling plate of the freeze-dryer. 
Primary drying was then performed for 10 h at a shelf 
temperature of −35 °C and 0.220 mbar, after which the 
pressure was reduced to 0.055 mbar and the tempera-
ture was raised to −10 °C during 30 min. Thereafter, the 
temperature was increased with a rate of 0.33 °C/min, 
until a temperature of 20 °C was reached. Then, sec-
ondary drying was performed for 5 h, at a temperature 
of 20 °C and a pressure of 0.055 mbar. After drying for 
17 h in total, the well plates were transferred to a 
nitrogen flushed climate box, sealed, and then stored 
at −20 °C, until used for further analysis. In total, three 
full replicates of screening experiments were per-
formed. Each of these replicates involved the fresh 
preparation of the aforementioned 30 formulations, 
which were then pipetted in triplicate into a 384-well 
plate, freeze-dried, and analyzed.

To compare the results of the experiments using 
384-well plates to a common in-vial approach, a 
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selection of formulations was freeze-dried in common 
rubber-stoppered glass vials. Each vial contained 
100 µL of formulation with the same composition as 
was used for freeze-drying in the 384-well plates. 
Subsequently, three vials per formulation were 
freeze-dried using the same program used for the 
384-well plates. After the freeze-drying cycle was com-
plete, samples were closed under vacuum and stored 
at −20 °C, until used for further analysis.

Enzymatic activity assessment

Enzymatic activity of β-galactosidase was assessed by 
modifying a previously described method [13], based on 
conversion of the colorless ONPG to the yellow 
ortho-nitrophenol. In short, samples that were freeze-dried 
in 384-well plates were diluted to 0.83 µg/mL protein in 
the wells, using 120 µL 0.05 M phosphate buffer at pH 7.5, 
containing 0.1% BSA and 1.43 mM MgCl2. Then, the 
384-well plates were incubated at room temperature for 
10 min. Subsequently, from each individual well, 40 µL of 
dissolved sample was transferred to an empty well. 
Subsequently, 80 µL of substrate solution comprising 
1 mM MgCl2 and 2 mM ONPG in 0.1 M phosphate buffer 
at pH 7.5 was added to the 40 μL. Thereafter, absorption 
at 405 nm was determined every 56 s for 10 min at room 
temperature. The rate of increase in absorption over time, 
due to substrate conversion, was compared to the  
rates for known concentrations of freshly prepared 
β-galactosidase solutions, to determine the residual enzy-
matic activity. The enzymatic activity after traditional 

vial-based freeze-drying was assessed as previously 
described [13].

Statistical testing

To compare rows and columns and assess possible 
aforementioned edge effects (Figure 1), an ordinary 
one-way ANOVA followed by Tukey’s multiple compar-
isons test was used. To compare the means of formu-
lations freeze-dried in the 384-well plates (Figure 2) 
with the control (β-galactosidase with only buffer and 
no other excipients), an ordinary one-way ANOVA with 
a post-hoc Dunnett’s multiple comparison test was 
used. To compare the effect of pullulan on the stabiliz-
ing effect of low-molecular-weight excipients (Figure 
2), an ordinary one-way ANOVA with a post-hoc Tukey’s 
multiple comparison test was used. To compare the 
effect of the preparation method on enzymatic activity 
for each formulation when comparing manual vs. 
automated formulation and sample processing (Figure 
3), a paired t-test was used. For all of the above anal-
yses, p-values < 0.05 were considered significant. All 
statistics were performed using Prism 10.4.1 (532).

Results

Edge effects

During preliminary experiments, so-called “edge 
effects” were observed in plastic 96-well plates, which 
showed significantly higher enzymatic activities in the 

Figure 1. A verage enzymatic activity of β-galactosidase – trehalose (1:99 w:w) formulations after freeze-drying. The residual enzy-
matic activity is represented by a color gradient. Each of the 360 wells in this figure represents the average of the respective well 
from three independent experiments. The average relative standard deviation (SD) across these 360 wells, calculated from the 
triplicates for each well was 8.11% and is not shown in the figure. Row A was used for the calibration curve. The variation 
between the slopes of three calibration curves was < 5%.
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outer wells than in the inner wells (data not shown). 
As visualized by the color gradient in Figure 1, neither 
clear edge effects nor specific activity patterns were 
observed when freeze-drying in the 384-well plate in 
this study. Moreover, there were no significant differ-
ences between the columns. When comparing rows, 
some significant differences were observed. While no 
clear patterns were observed, statistical analysis 
revealed that enzymatic activity in rows L and K was 
significantly higher than in most other rows. Row L 
showed higher activity than all rows except B, N, and 
K, while row K’s activity was higher than all rows 
except B, H, L, N, O, and P.

Excipient screening

To exemplify how freeze-drying using 384-well plates 
might be leveraged, β-galactosidase was freeze-dried 
in a range of formulations containing various weight 

ratios of pullulan to low-molecular-weight excipients. 
Several amino acids with different side-chain character-
istics were selected, namely valine (non-polar), serine 
and threonine (polar), and arginine and histidine (posi-
tively charged). In addition, sucrose and trehalose were 
also included as they are gold standards for protein 
stabilization. The enzymatic activity of β-galactosidase 
was determined after preparation and freeze-drying,  
as shown in Figure 2. The low-molecular-weight excipi-
ents threonine, histidine, arginine, sucrose and treha-
lose acted as stabilizers, resulting in significantly higher 
(p < 0.05) enzymatic activity than β-galactosidase freeze- 
dried in buffer without other excipients. For formula-
tions containing threonine, histidine, arginine, sucrose, 
and trehalose, increasing the high-molecular-weight 
stabilizer pullulan fraction did not significantly impact 
protein stability. Moreover, by itself, pullulan did not 
exhibit a significant stabilizing effect, compared to 
β-galactosidase freeze-dried in buffer. Nevertheless, 

Figure 2. E nzymatic activity of β-galactosidase formulations containing various weight ratios of low molecular weight excipients 
to pullulan. The black line represents β-galactosidase freeze-dried in buffer without other excipients, with the dotted lines repre-
senting the SD; n = 3 with SD, where each replicate involved a full experimental cycle: preparation of fresh formulations, which 
were pipetted in triplicate into a 384-well plate, freeze-dried, and then analyzed.

Figure 3. E nzymatic activity of a selection of β-galactosidase formulations to compare the new method to the traditional method 
(n = 3 with SD, of which the well plate data originates from Figure 2 and of which the vial data are of 3 separately prepared 
samples freeze-dried in the same cycle). The control is β-galactosidase freeze-dried in buffer without other excipients.
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pullulan had a significant effect (p < 0.05) when com-
bined with low-molecular-weight excipients that by 
themselves were poor stabilizers, as was the case for 
the formulations with a serine-to-pullulan weight ratio 
of 3:1, 1:1, and 1:3. When combined with valine, pullu-
lan showed an increase in average β-galactosidase 
activity compared to the β-galactosidase freeze-dried 
in buffer, though the effect was not significant. 
However, compared to valine alone, valine combined 
with pullulan at a 1:3 weight ratio was significantly 
more effective (p < 0.05).

Comparison to traditional freeze-drying

To compare the 384-well plate freeze-drying method 
to a more common freeze-drying screening approach, 
a selection of formulations was manually prepared in 
5 mL freeze-drying glass vials with rubber stoppers. 
These formulations were prepared with the same con-
centrations of components and an identical freeze- 
drying cycle as those used in the well plate experi-
ments. The results of this comparison are shown in 
Figure 3. While overall the manual method tended to 
yield lower values than the automated 384-well plate 
method, there was no significant difference between 
the manual and automated methods.

Discussion

Edge effects

Edge effects observed during preliminary experiments 
could be due to increased evaporation rates in the 
outer wells during the analysis; a phenomenon that 
has been described before [15]. The same edge-related 
drying behavior has also been observed when 
freeze-drying in 96-well plates, resulting in slightly 
higher drying rates in the outer wells [8]. Nevertheless, 
no apparent edge effects were observed in the activity 
data from 384-well plates, possibly explained by low 
incubation temperatures used during analysis. While 
the incubation temperature was modified in this study 
to facilitate sample processing, incubation at room 
temperature has also been shown to significantly 
reduce edge effects in both 96 [16,17] and 384-well 
plates [18], likely due to reduced evaporation.

Excipient screening

The superior stabilizing capacity of sucrose, and treha-
lose compared to the buffer control can be attributed 
to their ability to form hydrogen bonds with the pro-
tein and to form a stable amorphous matrix [19], which 
likely is also the case for the amino acids threonine, 

histidine and arginine (Figure 2). In contrast, the poor 
stabilizing capacity of valine and serine could be due 
to valine’s inability to form hydrogen bonds with its 
side-chain [6] and the low (predicted) glass transition 
temperature (Tg) of 11 and 28 °C for valine and serine, 
respectively [20]. In these formulations, pullulan 
increases the system Tg, thereby providing kinetic sta-
bility and protecting β-galactosidase. Moreover, in pre-
vious studies, it has been shown that combining low 
molecular weight and high molecular weight excipi-
ents can be beneficial under prolonged storage condi-
tions, in particular if formulations are exposed to 
moisture. Water acts as a plasticizer and depresses the 
glass transition temperature of the system, potentially 
leading to crystallization, which is detrimental to pro-
tein stability [13]. In such cases, including a polymer in 
a formulation can increase the glass transition tem-
perature to prevent the glass to rubber transition, and 
eventually crystallization. As such, the addition of pul-
lulan to formulations containing threonine, histidine, 
arginine, sucrose, and trehalose makes them signifi-
cantly more robust under such conditions.

Nevertheless, samples were not subjected to acceler-
ated storage conditions in the current study design. 
Rather, the stresses of freeze-drying itself were assessed 
to screen the impact of excipients on process stability. 
The results show that combinations of trehalose and pul-
lulan followed similar trends in process stabilizing capacity 
as observed in a previous study [14]. Similarly, arginine 
alone and in combination with pullulan performed better 
as a process stabilizer than pure pullulan, consistent with 
previous findings [13]. When comparing the 384-well 
plate to a manual method in Figure 3, similar and clear 
distinctions could be made between poor and good sta-
bilizers, e.g., pullulan vs. sucrose. However, there were 
slight differences in absolute values between both meth-
ods, for example for histidine and trehalose. The tendency 
for some excipients to result in slightly lower activities in 
the common in-vial method compared to the 384-well 
plate method might be attributed to subtle differences in 
the drying process, such as in the heat transfer and con-
tainer material. The large surface area-to-volume ratio in 
the 384-well plates could lead to a more uniform and effi-
cient drying, which may be particularly beneficial for cer-
tain excipients. However, when comparing both methods 
overall, the results were not significantly different, indicat-
ing that the 384-well plate method can be a reliable tool 
for initial screening and pre-selection of formulations.

Advantages of the automated approach

When further comparing the automated and tradi-
tional methods, several distinct advantages emerge for 
the automated approach in freeze-drying studies. The 
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automated 384-well plate method substantially 
increases throughput while reducing workload and 
human interference, thereby minimizing the risk of 
experimental errors. The freeze-dryer used in this study 
could accommodate approximately 250 freeze-drying 
5 mL vials in a traditional setup. However, it could also 
hold around 9,384-well plates. When accounting for 
assay calibration curves, these 384-well plates can hold 
3,240 samples per freeze-drying cycle. Moreover, only 
10 µL per well was used which was spread out over a 
relatively large surface. Therefore, shorter freeze-drying 
cycles might be possible than those used for conven-
tional vials, which typically hold up to several milliliters 
per vial. In this study, a freeze-drying cycle of 17 h was 
chosen to fit within a one-day timeframe, based on 
previous research where 100 µL per well was freeze- 
dried [7,10]. However, since in this study only 10 µL per 
well was freeze-dried, an even shorter freeze-drying 
cycle might be worth exploring. Together, the almost 
13-fold higher sample capacity and reduced drying 
times result in a marked decrease in energy consump-
tion by the 384-well plate method compared to com-
mon vial-based methods. The small volume per sample 
also results in very low protein usage. For example, for 
the screening of the excipients shown in Figure 2, all 
formulations together amounted to only 13.2 µg of 
β-galactosidase with a total of 1.32 mL volume of water 
to be removed. This might be beneficial for newly 
developed enzymes or therapeutic proteins that are 
available in limited quantities. The increased through-
put, reduced workload, and lower reagent usage are 
key benefits that contribute to sustainability in drug 
discovery [21]. Furthermore, the only manual tasks 
during the 384-well plate experiments were preparing 
stock solutions and transferring the 384-well plates 
between the automated liquid handling system, the 
freeze-dryer and spectrophotometer. Standard manual 
procedures like mixing stabilizer solutions, dilutions, 
aliquoting, preparing calibration curves and assay 
reagent mixtures could be performed by the 8-tip 
pipetting robot. Additionally, labeling of samples is not 
required when using well plates. It is worth noting that 
not all novel proteins are enzymes. Nevertheless, there 
are several techniques that can in such cases still be 
used for high-throughput screening, for example fluo-
rescence spectroscopy [7], isothermal denaturation flu-
orometry [22], differential scanning fluorometry [23], 
and light scattering [24]. Additionally, during formula-
tion development it is crucial to thoroughly evaluate 
not only enzymatic activity but also properties of the 
product. These include protein structure, aggregation 
propensity, matrix properties, dissolution behavior, and 
storage stability [19]. Lastly, it is worth noting that this 

study focused on a single model protein, β-galactosidase. 
While the well plate method proved effective for this 
specific case, future research could explore its applica-
bility and limitations for a broader range of proteins 
with varying structural characteristics to further vali-
date its universal utility. Nevertheless, a screening 
method like the one described in this study can serve 
as a first step to select a range of viable formulations 
for more thorough characterization.

Conclusions

In this work, a range of β-galactosidase formulations 
was freeze-dried in 384-well plates, which were also 
used to assess its enzymatic activity. For both the 
preparation and analysis method, an 8-tip pipetting 
robot was used. Excipient screening revealed that most 
low molecular weight excipients helped to preserve the 
enzymatic activity, while pullulan only showed a stabi-
lizing effect when it was combined with low molecular 
weight excipients that were ineffective stabilizers on 
their own. This observation highlights the potential of 
excipient combinations, and the benefit of high- 
throughput screening methods to investigate them. The 
automated 384-well plate freeze-drying method demon-
strated enzymatic activity trends similar to those of a 
common in-vial method, while offering the added ben-
efits of increased throughput, reduced workload, and 
lower protein and reagent usage. These are important 
advantages featuring sustainability in drug discovery. 
Overall, the automated 384-well plate method offers an 
efficient and high-throughput approach for freeze-drying 
studies, particularly suitable for the pre-selection of via-
ble formulations.

Author contributions

CRediT: Daan Zillen: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Validation, Visualization, 
Writing – original draft, Writing – review & editing; Noa N. 
van der Ploeg: Conceptualization, Formal analysis, 
Investigation, Methodology, Validation, Visualization, Writing – 
review & editing; Ronald van Merkerk: Conceptualization, 
Formal analysis, Investigation, Methodology, Validation, Writing 
– review & editing; Gerrit J. Poelarends: Funding acquisition, 
Resources, Supervision, Writing – review & editing; Henderik 
W. Frijlink: Conceptualization, Funding acquisition, Project 
administration, Resources, Supervision, Writing – review & 
editing; Wouter L.J. Hinrichs: Conceptualization, Funding 
acquisition, Project administration, Resources, Supervision, 
Writing – review & editing.

Disclosure statement

The authors declare no conflicts of interest.



Drug Development and Industrial Pharmacy 7

Funding

This study was partially funded by DFE Pharma.

Data availability statement

Data can be made available upon request.

References

	 [1]	 Buntz B. Best-selling pharmaceuticals of 2023: metabolic 
drugs shine [Internet]. Drug Discovery and Development. 
2024 [cited 2024 May 17]. Available from: https://www.
drugdiscoverytrends.com/best-selling-pharmaceuticals- 
2023/

	 [2]	 Bam NB, Randolph TW, Cleland JL. Stability of protein 
formulations: investigation of surfactant effects by a 
novel EPR spectroscopic technique. Pharm Res. 
1995;12(1):2–11. doi:10.1023/a:1016286600229.

	 [3]	 Wang W. Instability, stabilization, and formulation of liquid 
protein pharmaceuticals. Int J Pharm. 1999;185(2):129–188. 
doi:10.1016/s0378-5173(99)00152-0.

	 [4]	 Lee JC, Timasheff SN. The stabilization of proteins by 
sucrose. J Biol Chem. 1981;256(14):7193–7201. doi:10. 
1016/S0021-9258(19)68947-7.

	 [5]	 Rao VA, Kim JJ, Patel DS, et al. A comprehensive scien-
tific survey of excipients used in currently marketed, 
therapeutic biological drug products. Pharm Res. 
2020;37(10):200. doi:10.1007/s11095-020-02919-4.

	 [6]	 Forney-Stevens KM, Bogner RH, Pikal MJ. Addition of 
amino acids to further stabilize lyophilized sucrose-based 
protein formulations: I. Screening of 15 amino acids in 
two model proteins. J Pharm Sci. 2016;105(2):697–704. 
doi:10.1002/jps.24655.

	 [7]	H olm TP, Meng-Lund H, Rantanen J, et al. Screening of 
novel excipients for freeze-dried protein formulations. 
Eur J Pharm Biopharm. 2021;160:55–64. doi:10.1016/j.
ejpb.2021.01.008.

	 [8]	 Grant Y, Matejtschuk P, Dalby PA. Rapid optimization of 
protein freeze-drying formulations using ultra 
scale-down and factorial design of experiment in mi-
croplates. Biotechnol Bioeng. 2009;104(5):957–964. 
doi:10.1002/bit.22448.

	 [9]	 Grant Y, Matejtschuk P, Bird C, et al. Freeze drying formula-
tion using microscale and design of experiment approach-
es: a case study using granulocyte colony-stimulating fac-
tor. Biotechnol Lett. 2012;34(4):641–648. doi:10.1007/
s10529-011-0822-2.

	[10]	T rnka H, Rantanen J, Grohganz H. Well-plate 
freeze-drying: a high throughput platform for screening 
of physical properties of freeze-dried formulations. 
Pharm Dev Technol. 2015;20(1):65–73. doi:10.3109/1083
7450.2013.871028.

	[11]	 Meng-Lund H, Holm TP, Poso A, et al. Exploring the 
chemical space for freeze-drying excipients. Int J Pharm. 
2019;566:254–263. doi:10.1016/j.ijpharm.2019.05.065.

	[12]	 Coussot G, Le Postollec A, Delbecq S, et al. Freeze-drying 
of few microliters of antibody formulations to implement 
384-wells homogeneous instant assays. Anal Chim Acta. 
2023;1277:341660. doi:10.1016/j.aca.2023.341660.

	[13]	 Nguyen KTT, Zillen D, Lasorsa A, et al. Combinations of 
arginine and pullulan reveal the selective effect of sta-
bilization mechanisms on different lyophilized proteins. 
Int J Pharm. 2024;654:123938.

	[14]	T eekamp N, Tian Y, Visser JC, et al. Addition of pullulan to 
trehalose glasses improves the stability of β-galactosidase 
at high moisture conditions. Carbohydr Polym. 2017; 
176:374–380. doi:10.1016/j.carbpol.2017.08.084.

	[15]	 Mansoury M, Hamed M, Karmustaji R, et al. The edge 
effect: a global problem. The trouble with culturing 
cells in 96-well plates. Biochem Biophys Rep. 2021; 
26:100987. doi:10.1016/j.bbrep.2021.100987.

	[16]	 Lundholt BK, Scudder KM, Pagliaro L, et al. A simple 
technique for reducing edge effect in cell-based assays. 
J Biomol Screen. 2003;8(5):566–570. doi:10.1177/ 
1087057103256465.

	[17]	 Whiteman MC, Bogardus L, Giacone DG, et al. Virus reduc-
tion neutralization test: a single-cell imaging high-throughput 
virus neutralization assay for dengue. Am J Trop Med Hyg. 
2018;99(6):1430–1439. doi:10.4269/ajtmh.17-0948.

	[18]	 Kim HJ, Jang S. Optimization of a resazurin-based mi-
croplate assay for large-scale compound screenings 
against Klebsiella pneumoniae. 3 Biotech. 2018;8(1):3. 
doi:10.1007/s13205-017-1034-9.

	[19]	 Wang W. Lyophilization and development of solid pro-
tein pharmaceuticals. Int J Pharm. 2000;203(1-2):1–60. 
doi:10.1016/s0378-5173(00)00423-3.

	[20]	 Borredon C, Miccio LA, Cerveny S, et al. Characterising 
the glass transition temperature-structure relationship 
through a recurrent neural network. J Non-Cryst Solids 
X. 2023;18:100185.

	[21]	 Wynendaele E, Furman C, Wielgomas B, et al. 
Sustainability in drug discovery. Med Drug Discov. 
2021;12:100107. doi:10.1016/j.medidd.2021.100107.

	[22]	 Leandro P, Lino PR, Lopes R, et al. Isothermal denaturation 
fluorimetry vs differential scanning fluorimetry as tools for 
screening of stabilizers for protein freeze-drying: human 
phenylalanine hydroxylase as the case study. Eur J Pharm 
Biopharm. 2023;187:1–11. doi:10.1016/j.ejpb.2023.03.012.

	[23]	H e F, Hogan S, Latypov RF, et al. High throughput thermo-
stability screening of monoclonal antibody formulations.  
J Pharm Sci. 2010;99(4):1707–1720. doi:10.1002/jps.21955.

	[24]	D auer K, Kamm W, Wagner KG, et al. High-throughput 
screening for colloidal stability of peptide formulations 
using dynamic and static light scattering. Mol Pharm. 
2021;18(5):1939–1955. doi:10.1021/acs.molpharmaceut. 
0c01028.

https://www.drugdiscoverytrends.com/best-selling-pharmaceuticals-2023/
https://www.drugdiscoverytrends.com/best-selling-pharmaceuticals-2023/
https://www.drugdiscoverytrends.com/best-selling-pharmaceuticals-2023/
https://doi.org/10.1023/a:1016286600229
https://doi.org/10.1016/s0378-5173(99)00152-0
https://doi.org/10.1016/S0021-9258(19)68947-7
https://doi.org/10.1016/S0021-9258(19)68947-7
https://doi.org/10.1007/s11095-020-02919-4
https://doi.org/10.1002/jps.24655
https://doi.org/10.1016/j.ejpb.2021.01.008
https://doi.org/10.1016/j.ejpb.2021.01.008
https://doi.org/10.1002/bit.22448
https://doi.org/10.1007/s10529-011-0822-2
https://doi.org/10.1007/s10529-011-0822-2
https://doi.org/10.3109/10837450.2013.871028
https://doi.org/10.3109/10837450.2013.871028
https://doi.org/10.1016/j.ijpharm.2019.05.065
https://doi.org/10.1016/j.aca.2023.341660
https://doi.org/10.1016/j.carbpol.2017.08.084
https://doi.org/10.1016/j.bbrep.2021.100987
https://doi.org/10.1177/1087057103256465
https://doi.org/10.1177/1087057103256465
https://doi.org/10.4269/ajtmh.17-0948
https://doi.org/10.1007/s13205-017-1034-9
https://doi.org/10.1016/s0378-5173(00)00423-3
https://doi.org/10.1016/j.medidd.2021.100107
https://doi.org/10.1016/j.ejpb.2023.03.012
https://doi.org/10.1002/jps.21955
https://doi.org/10.1021/acs.molpharmaceut.0c01028
https://doi.org/10.1021/acs.molpharmaceut.0c01028

	High-throughput excipient screening using 384-well plates and a pipetting robot: assessing protein stability after freeze-drying to pre-select viable formulations
	Abstract
	Introduction
	Materials and methods
	Materials
	Formulation preparation and freeze-drying
	Enzymatic activity assessment
	Statistical testing

	Results
	Edge effects
	Excipient screening
	Comparison to traditional freeze-drying

	Discussion
	Edge effects
	Excipient screening
	Advantages of the automated approach

	Conclusions
	Author contributions
	Disclosure statement
	Funding
	Data availability statement
	References


