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Abstract

Although half a century has passed since the mapping of the insulin structure, this
globular protein is still currently being investigated. Crystalline drug formulations might
replace the subcutaneous injections for diabetes treatment. However, these crystalline
forms require carefully tailored properties to sustain controlled release (e.g.longer
storage lifetimes and higher purity). Among others, crystal size polydispersity might
reduce the speed of insulin release. Here, two distinct crystallization techniques are
applied to study insulin crystallization, hanging-drop vapour diffusion and microbatch

(droplet microfluidics), and an operating regime map is derived. Rhombohedral insulin
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crystals with variable size are produced inside the microdroplets for a broad range of
insulin concentrations, while aggregate and/or agglomerate formation is observed during
the hanging-drop experiments at low protein concentrations. These differences are likely
explained by the way acetone evaporation is controlled in each technique. In fact, circular
dichroism spectra reveal differences on insulin’s secondary structure at variable acetone
concentration, including the reduction of a-helical content, with no visible -sheet-rich
structures or random coils. Finally, contrary to what has been reported for other proteins,
no temperature effect on insulin crystal size is observed within a range from 10 °C to
20 °C. This work highlights the formation of insulin crystals in confined microdroplets

towards a better control over the insulin crystal size.

1. Introduction

Dorothy Crowfoot Hodgkin contributed enormously to the field of biological
macromolecules [1]. Among Hodgkin’s longest-lasting accomplishments is the mapping
of the insulin structure, which involved 35 years of work. Although the study was
concluded in 1969, the importance of this polypeptide hormone for diabetes treatment is
still a up-to-date concern [2]. Overall, the deficiency or resistance to insulin causes
profound deregulation of metabolic processes (i.e. control of blood glucose) [3] resulting
in disorders such as diabetes mellitus and obesity [4]. Over the last 50 years, there has
been an increasing focus on long-acting crystalline drug formulations [5] to replace

frequent subcutaneous injections by increasing dose efficacy and patient compliance [6].

Insulin is the only protein produced in a healthy human body in crystalline form,

and this fact highlights the relevance of crystallization studies [7]. Crystalline forms with



carefully tailored properties often have longer storage lifetimes and higher purity than the
dissolved forms [8]. The type, size and morphology of the crystals affect the insulin
release rate. The slow dissolution rate of protein crystals allows sustained drug release [5],
where narrow crystal size distribution (CSD) and shape uniformity are required [4]. This
might be achieved by several nucleation events taking place at the same time [9].
Throughout the years, multiple research groups from biochemistry to engineering tried to
crystallize insulin under different operating conditions (e.g. crystallizing agent and buffer

solutions, pH, among others).

After the first successful isolation of an insulin crystal reported by
Abel (1926) [10], Schlichtkrull [11-15] published a series of articles describing different
methodologies to crystallize insulin. These initial studies were followed by the works of
Kadima et al. (1991) [16], Yip & Ward (1996) [17], Nettleton et al. (2000) [18],
Miihlig et al. (2001) [19], Bromberg et al. (2005) [20], Govardhan et al. (2005) [21],
Norrman & Schlukebier (2007) [6], Pease et al. (2010) [22], Chatani et al. (2015) [23],
Fili et al. (2015) [24], and Dolui et al. (2018) [25]. Additionally, Barlow (2017) [26] and
Alexandrov & Nizovtseva (2019) [27] based on the experimental data from
Schlichtkrull [11-15] developed insulin crystallization kinetic models to predict
e.g. kinetics of supersaturation decay, homogeneous nucleation rate, and CSD.
Furthermore, with the experimental protocol developed by Bergeron et al. (2003) [3],
several works have emerged using similar crystallization conditions [7,9,28-30], and an
overview of the optimized crystallization conditions can be found in
Dimitrov et al. (2013) [31] and Hodzhaoglu et al. (2016) [32]. Within the broad range of
crystallization techniques, Maeda et al. (2004) [33] performed dialysis experiments,
while Parambil ez al. (2011) [34] crystallized using oscillatory flow in capillaries. More

recently, Chen et al. (2017) [35] and Li et al. (2019) [36] reported single-nucleation



events In  micro- and  nanodroplets, respectively; and  Contreras-
Montoya et al. (2021) [37] developed composite crystal formulation by crystallizing

insulin in agarose and hydrogels.

A complementary analysis to the crystallization process involves a better
understanding of protein structural transformations and/or folding pathways. Techniques
such as X-ray diffraction [25,38,39], FTIR (Fourier transform infrared spectroscopy)
[18,23,38], AFM (atomic force microscopy) [17,22,25,40,41], CD (circular dichroism)
[22,25,38-52], among others [18,22,23,25,38,40,41,46—48] have been used to obtain
structural insights in solution. Insulin crystallizes as a hexamer, while in solution occurs
as an equilibrium mixture of monomers, dimers, tetramers, hexamers, and possibly higher
associated states [S1]. Insulin molecules tend to form dimers (as in the presence of
hydrochloric acid [40,46]), and hexamers in the presence of metallic ions

(e.g.Zn?) [24 A8].

In this work, insulin crystallization experiments are performed in vapour diffusion
microwells and in a microfluidic reactor. Firstly, the range of crystallization conditions is
explored through hanging-drop experimentation (microwells). Secondly, to gain control
over the insulin crystallization process and thus to ensure a uniform CSD, microbatch
assays are conducted. The microfluidic microreactor with an integrated temperature
control is capable to produce uniform and stable confined microdroplets [53,54]. To the
best of our knowledge, despite all the efforts from the scientific community to produce
insulin crystals, this study constitutes the first attempt towards insulin crystallization trials
in multiphase microsystems, where the lowest crystallization volume is reported. Due to

the reduced crystallization volumes, the present study intends to highlight a more rational



approach to crystallize insulin through the control of operating variables promoting

protein structure conformations in solution that are more favourable to crystallization.

2. Methodology and Materials

2.1. Crystallization solution preparation

Recombinant human insulin (Sigma-Aldrich, 5.808,00 g'-mol-!, CAS-No. 11061-
68-0) was used in the experiments without further purification. The protocol proposed by
Bergeron et al. (2003) [3] was followed and optimized. The crystallization solution
composition included 20 mM hydrochloric acid (HCI, solvent) (Chem-Lab Analytical,
CAS-No. 7647-01-0), 100 mM zinc chloride, anhydrous power (ZnCl,, precipitating
agent) (Sigma-Aldrich, CAS-No. 7646-85-7), 200 mM trisodium citrate, dihydrate (TC,
buffer) (Sigma-Aldrich, CAS-No. 6132-04-3), and 20% (v/v) neat acetone (co-solvent)
(VWR International, CAS-No. 67-64-1). Ultrapure water (Milli-Q water, resistivity of

18.3 MQ-cm! at 20 °C) was utilized.

Initially, insulin was dissolved in highly diluted HCI at different concentrations
ranging from 2.5 mg'ml! to 15 mg:ml'. Afterwards, ZnCl,, TC, and acetone were
consecutively added. Thus, the final concentrations of the components in solution were:
6.25 mM ZnCl,, 625 mM TC, and 12.5% (v/v) acetone. The stock solutions were
prepared at room temperature without any pre-heating or centrifugation steps. All
solutions were filtered using syringe filters (Puradisc FP 30 mm, cellulose acetate,

0.2 pm) (Sigma-Aldrich, Whatman) to remove large aggregates [19].

2.2. Screening of insulin crystallization conditions



The hanging-drop vapour diffusion technique was used to screen the
crystallization conditions. Preliminary insulin crystallization trials were carried out using
24-well VDX plates (Hampton Research) and 22 mm siliconized coverslips (Hampton
Research) sealed with high vacuum grease (Dow Corning). Each drop (8 ul) was
composed by a mixture of insulin and reservoir (ZnCl,, TC, acetone) solutions. The drop
was placed in equilibrium with the reservoir (1 ml) solution. The reservoir concentration
was kept constant, while the ratio between the protein and reservoir concentrations in the

drop was varied.

Insulin crystallization assays were either conducted at room temperature or at 4 °C
using an incubator (PHCbi, MIR-254). The crystallization plates were analysed using a
microscope (Nikon SMZ-25), equipped with a Nikon DS-Fi3 digital camera, where time-
lapse picture capturing, and video recording was performed. The crystallization plates
were periodically checked for the presence of crystals and their size. This analysis was
conducted using NIS-Elements Advanced Research [55]. The success of a crystallization
experiment was defined by the fraction between the drops with crystals and the total

number of drops, where a value of 75% corresponded to a successful crystallization assay.

2.3. Microfluidic experiments

The experimental set-up (Figure 1) and methodology used to perform
crystallization trials in a droplet-based microreactor were described in
Ferreira et al. (2018) [56] and Ferreira et al. (2020) [57]. The droplet-based microfluidic
platform was capable to produce uniform and stable droplets with a large flexibility in

terms of droplet volume (0.9 — 18 pL) [56].
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Figure 1. Schematic overview of the experimental set-up: (A) Injection of the fluid phases using syringe pumps [CP
(continuous  phase) — Fluorinert FC-70; DP  (dispersed phase) — 1.Insulin  solution, 2. Precipitant
solution — Precipitating agent (ZnClz) + buffer (TC) + co-solvent (acetone)]. (B) Microfluidic platform with integrated
temperature control. Optical microscopy is used to monitor the experiments, where the crystals are collected at the end
of the platform. (C) Crystal(s) counting and droplet length and crystal size measurements by image analysis techniques.

[La defines the droplet length (1 mm), L. the crystal size, d: the microchannel diameter (1 mm)].

The flow rates of the continuous [Fluorinert™ FC-70 (Sigma-Aldrich,
CAS No. 338-84-1)] and dispersed (crystallization solutions premixed before the addition
of the carrier fluid) phases were equal to 1.0 ml'min' and 0.5 ml'‘min’', respectively.
These flow rates were kept constant, except for the ratio between the protein (insulin) and
crystallization (ZnCl,, TC, and acetone) solutions, but always maintaining the total flow
rate of the dispersed phase. In this flow-focusing geometry [Figure 1-(A)], the squeezing
flow regime corresponds to Capillary (Ca) numbers in the following ranges: Ca, < 10!
and Cay < 102 [58], which covers the Capillary numbers of the hydrodynamic condition
studied in this work (Ca.= 1.7 x 102 and Cay = 2.6 x 10*). Therefore, the microbatch
crystallization assays were conducted in microdroplets with a fixed volume of
1 ul (droplet length of 1 mm) generated in a microchannel with a diameter of 1 mm.

Lastly, the initial insulin concentrations were 2.5, 5.0 and 15.0 mg-ml'.



During these experiments, the insulin crystal size in confined microdroplets was
measured. Typically, the size of arhombohedral insulin crystal was defined as the greatest
diagonal of the crystal [12,35]. On average, 150 droplets were analysed and, at least,
500 crystals measured per experiment. The analysis was conducted using NIS-Elements

Advanced Research [55] and ImageJ software [59].

2.4. Circular dichroism (CD) spectroscopy

Insulin solutions are diluted to a concentration of 20 uM and 200 yM. Far- and
near-UV circular dichroism measurements were analysed in the wavelength range of
260 nm to 190 nm and 350 nm to 260 nm, respectively using a J815 circular dichroism

spectrometer (JASCO) at 20 °C in a quartz cuvette with 1 cm pathlength.

3. Results and Discussion

3.1. Hanging-drop vapour diffusion experiments

The screening of crystallization conditions was carried out by hanging-drop
vapour diffusion assays. As suggested by Bergeron et al.(2003) [3], the first
crystallization trials were conducted at 4 °C with an initial insulin concentration of
15 mg'ml'. The main findings resulting from the initial screening of crystallization
conditions are displayed in Figures 2-5. Additional results at lower protein concentrations

are shown in SI — S1. Screening of insulin crystallization conditions.



Figure 2. Hanging-drop crystallization for insulin and precipitating agent (ZnCl») solution concentrations of 7.5 mg-ml

Tand 3.1 mM, respectively after 1 day at 4 °C: (a.1) to (a.3) represent different drops and close-ups.



Figure 3. Hanging-drop crystallization for insulin and precipitating agent (ZnCl») solution concentrations of 7.5 mg-ml

"and 3.1 mM, respectively after: (a) 5 days and (b) 15 days at 4 °C for different drops.

o5 o
Figure 4. Hanging-drop crystallization for insulin and precipitating agent (ZnCl») solution concentrations of 5 mg-ml

'and 4.2 mM, respectively after 4 h at 4 °C: (a.1) to (a.4) represent different drops and close-ups.

10



(a.1)

(b.1)

(b.3)

Figure 5. Hanging-drop crystallization for insulin and precipitating agent (ZnCl») solution concentrations of 5 mg-ml

T'and 4.2 mM, respectively after (a) 5 days, and (b) 15 days at 4 °C: (1) Different drops, and (2) and (3) close-ups.

The results demonstrate the crucial contribution of insulin concentration in
solution to the formation of insulin aggregates and/or agglomerates (Figures 2-5). It
appears that a lower insulin concentration leads to a suppression of insulin aggregates
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and/or agglomerates (Figures4 and 5). However, for the studied range of insulin
concentration, the disappearance of insulin aggregates and/or agglomerates takes a
distinct time interval. Hardly any aggregates and/or agglomerates are observed after 5
days at low insulin concentration (Figure 5, insulin concentration of 5 mg-ml'), while
their presence is still verified after 15 days at high insulin concentration (Figure 3, insulin
concentration of 7.5 mg-ml'). Afterwards, insulin rhombohedral crystals start to appear
in the bulk phase. Although crystal formation is observed, excessive nucleation takes
place, which results in the formation of many crystals with a broad size range (Figures 3

and 5).

Due to very slow transport mechanisms (diffusion and convection) within the
hanging-drop, after combining the drops of insulin and reservoir solutions, the final drop
is slightly turbid (Figure 4). Solution turbidity, possibly related to precipitation events
[19], tends to disappear over time, which might indicate that the aggregates and/or
agglomerates are consumed (Figure 5) [60]. Miihlig ef al. (2001) [19] reported the
occurrence of precipitation after the buffer (sodium citrate) addition, which resulted in a
cloudy solution at higher supersaturation ratios [19]. Chen et al. (2017) [35] and
Hodzhaoglu et al. (2016) [32] highlighted the importance of co-solvents (e.g. acetone,

phenol, among others) to obtain well-formed insulin crystals without faces defects.

3.2. Droplet microfluidics (microbatch) experiments

After the screening of crystallization conditions by hanging-drop vapour
diffusion, insulin crystallization experiments were performed in a droplet-based
microfluidic device for an extended range of insulin and precipitating agent (ZnCl,)

solution concentrations. The main results are presented in Figures 6 and 7.
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Figure 6. Insulin crystallization in microdroplets for variable insulin (Cis) and precipitating agent (ZnClz) (Cps)

concentrations at 20 °C after 1 day.
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Figure 7. Insulin crystal size (L) for the experiments conducted in microdroplets at 20 °C in function of the insulin
concentration (Cins) (see Figure 6) [Cps defines the precipitating agent (ZnCl) solution concentration]. [The bars

indicate standard deviations from, at least, three independent experiments].

The formed crystals seem to exhibit a rhombohedral shape (Figure 6). Overall,
larger insulin crystals are produced at higher insulin concentrations (Figure 7), and lower
precipitating agent (ZnCl,) concentrations seem to induce the formation of agglomerates
and/or aggregates [Figure 6-(b)]. A clear formation of aggregates occurs at the lowest
precipitating agent solution concentration (1.6 mM), and few aggregates are also
observed after 1 day at the second lowest precipitating agent solution concentration,
3.1 mM [and insulin concentration of 1.25 mg-ml", Figure 6-(e)]. An opposite behaviour
is observed during the hanging-drop experiments as higher insulin concentrations tend to
lead to the formation of more agglomerates and/or aggregates (Figures 2 and 4). At lower
insulin concentrations, drops from the hanging-drop experiments do not seem to present
crystals (SI—S1. Screening of insulin crystallization conditions), while at identical
insulin concentrations, crystals are produced in the droplet-based microreactor

[Figures 6-(a), 6-(d), and 6-(f)]. At an identical precipitating agent concentration, larger
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crystals seem to be produced at higher insulin concentrations (Figure 6), but there is not

any clear effect on the number of crystals (Figure 7).

Finally, by combining the initial screening of insulin crystallization conditions
(Figures 2-5) and the results from the microdroplets experiments (Figures 6 and 7), it is
possible to draw an operating regime map to define the insulin and precipitating agent

(ZnCl,) solution concentrations (Figure 8).
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Figure 8. Operating regime map to produce insulin crystals by: (m) hanging-drop vapour diffusion (region highlighted
in yellow), and (¢) droplet microfluidics (region highlighted in blue) (20 °C) experiments [region highlighted in green
where crystals are simultaneously generated by both crystallization techniques], which is represented in terms of the

precipitating agent (ZnCl») concentration (Crs) as a function of the insulin concentration (Cins).

It is observed that the formation of insulin crystals requires distinct conditions for
the two applied crystallization techniques (Figure 8). The first reason is explained based
on the supersaturation level and the rate of supersaturation, which differ depending on the

employed crystallization technique [61]. During the hanging-drop assays, the drop
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solution undergoes an increase in relative supersaturation due to both increase of the
protein and precipitating agent concentrations, which might eventually lead to enter the
supersaturated region. Equilibrium is reached when the precipitating agent concentration
in the drop is approximately the same as in the reservoir. In microbatch trials, a
supersaturated solution is generated right from the beginning as soon as the protein and
the precipitating solutions are perfectly mixed. Additionally, the acetone concentration
evolution also differs for the two applied crystallization techniques, which has a direct
impact on the solubility concentration. Bergeron et al. (2003) [3] reported that higher
acetone concentrations lead to a higher insulin solubility and, consequently, a lower
supersaturation level. However, Hodzhaoglu et al. (2016) [32] highlighted that acetone is
used to control the nucleation step [32], and the authors concluded that a reduction on
insulin solubility occurs in the presence of acetone. Therefore, additional insulin
crystallization assays are performed in the absence of acetone. Acetone was substituted
by the solvent (HCI) as suggested by  Bergeron efal. (2003) [3],
Reviakine et al. (2003) [62], and Hodzhaoglu et al. (2016) [32]. The obtained results
reveal that no crystals are produced in the absence of acetone (Figure S1, SI — S2. Insulin
crystallization in the absence of acetone). Due to nuclei formation and subsequent
growth, both the supersaturation level and the protein concentration decrease over time.
Clear microdroplets (without aggregates) are observed for most of the cases after 1 day
(Figure 6), while some of the hanging-drops still exhibit aggregates and/or agglomerates
even after 15 days (Figure 3). The second reason is related to the time required to reach
homogeneous micromixing. The mixing in the hanging-drop is exclusively governed by
liquid diffusion within the drop, which is a very slow process and might differ from drop
to drop [63]. This is especially clear during the initial captured time (Figures 2 and 4)

(after 4h). The convection contribution during the droplet generation allows a
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homogeneous distribution of the protein and precipitating agent inside the droplet during
the microfluidic assays, which might contribute to a narrow CSD (Figures 6 and 7).
Lastly, the third reason might be due to interfacial effects. Besides the distinct volumes,
the interface nature (gas-liquid versus liquid-liquid) also differs and might explain the
distinct crystallization outcome (Figures 2, 4, and 6).

Finally, additional experiments are performed at an insulin concentration of
3.75 mg-ml! for different temperatures (10 °C, 15 °C, and 20 °C) (Figure 9). This protein
concentration results in the largest insulin crystal size (90.5 £ 10.2 ym) among the studied

concentration range (Figure 7).
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Figure 9. Insulin crystal size (Lc) for the experiments conducted in microdroplets for three different temperature values
(T) and a few droplets with crystals collected after 1 day. [The bars are standard deviations from, at least, three

independent experiments].

From the current experiments, no clear effect of the temperature on the crystal
size for a temperature range from 10 °C to 20 °C is observed (Figure 9). This follows the
observations by Nanev et al. (2013) [28]. The authors reported identical number density

of nucleated insulin crystals at different initial supersaturation values and a temperature
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range around 5 °C. In most of the reported works, the CSD is not presented to possibly
compare the average crystal size, only a few pictures of the crystals are available.
Therefore, with the available pictures from the literature, rhombohedral crystals were
measured following a similar procedure compared to the one adopted in the present study
(see 2. Methodology and Materials). The main results including crystal size and

crystallization conditions are displayed in Table 1.

Table 1. Insulin crystal size and respective crystallization conditions in different works.

Temperature Insulin Crystallization Crystallizer Crystal
Author(s) [°C] concentration time specifications size
[mg-ml] [days] [m]
Bergeron Glass vials
etal. 4 0.75-5.0 Several 200 ul 254+20
(2003) [3]
Penkova Glass capillary
etal. 5-23 20 2 2138 ul ~ 1000
(2004) [9]
Parambil Glass capillaries
etal. 10 2.5 2 (d. =2 mm) 300450
(2011) [34]
Nanev Nucleation: Customized glass
& 4 0.75-5.0 Several cells ~ 500
Hodzhaoglu Growth: 350 pl
(2012) [29] 18-29
Nucleation:
4 50 1 18.0+90
Growth:
Nanev et al. 22-26 Customized glass
(2013) [28] Nucleation: cells
4 7.0 1 350 ul 176 +40
Growth:
20-24
Chen et al. Room 20 1 Microwells 433+20
(2017) [35] temperature (Wm =100 ym)
Present 10 Microdroplets 83.7+104
study 15 3.75 1 (La=1.3 mm) 93.7+11.7
20 1pul 90.5+10.2

[Note: d. — capillary diameter, wm — microwell width, Ls — droplet length.]
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The present study as well as the works reported by Bergeron et al. (2003) [3],
Nanev et al. (2013) [28],and  Chen et al. (2017) [35] observed narrower  size
distributions in comparison to the remaining cases (Table 1). In particular,
Nanev et al. (2013) [28] also reported crystal size values after 3 days, where the size
roughly triplicates compared to the crystals after a single day of growth time. This might
explain the larger crystal size obtained after several days by Penkova et al. (2004) [9],
Bergeron et al. (2003) [3], and Nanev & Hodzhaoglu (2012) [29]. Penkova and co-
workers conducted experiments through a supersaturation gradient along a glass
capillary, while Nanev & Hodzhaoglu (2012), and Nanev and co-workers performed
crystallization assays with distinct nucleation and crystal growth temperatures (Table 1).
From the reported data, it seems that for an insulin concentration below 5 mg-ml"!, distinct
nucleation and growth temperatures induce the formation of larger crystals. However, for
the present study (insulin concentration of 3.75 mg-ml'), no significative differences on

the crystal size within the studied temperature range are found (Figure 9 and Table 1).

3.3. Secondary structure analysis

Circular dichroism (CD) measurements provide information about
conformational changes in proteins [64,65] and the secondary structure present in the
bulk solution [66,67]. The acetone concentration evolution differs for the two employed
crystallization techniques, hanging-drop and microbatch, which might have an impact on
the solubility limit and, consequently, on the supersaturation level. Therefore, far-UV CD
spectra of human insulin (20 yM and 200 M) in the absence and variable acetone
concentration are displayed in Figures 10 and 11. Significant amounts of dimers,
tetramers, and hexamers are expected at these concentrations. Huus et al. (2005) [42]

showed that native insulin is completely hexameric down to a concentration of 0.2 mM.
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However, the measurements are difficult for insulin concentrations below 1 yM due to

noise problems [51].
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Figure 10. Far-UV spectra of human insulin solution [20 M, in HCI (20 mM)] and the theoretical spectra (o-helix
and [-sheet). Theoretical spectra associated with various types of secondary structure obtained from

Kelly et al. (2005) [68].

Figure 10 shows the structure of insulin solution in the bulk phase based on its
ellipticity (60) response over the wavelength (4). This CD spectrum reveals a relatively
flat ellipticity response for the measured solution. This is typical of structures rich in [3-
sheets rather than a-helices [69]. However, the solution exhibits a positive maximum
ellipticity around 195 nm, and two negative minima ellipticity at 209 nm and 222 nm
(Figure 10). These are typical a-helical characteristics [38,41], which might indicate that
the CD spectrum of human insulin in solution corresponds to a mixture of insulin
monomers and higher associate states [46,66]. Acidic insulin solutions also have a

predominantly native-like a-helical structure [38].
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Figure 11. Far-UV spectra of human insulin solutions [200 M, in HCI (20 mM)] at variable acetone concentrations,

and the theoretical spectra (a-helix, B-sheet, and random coil).

The negative minimum ellipticity at 222 nm (Figures 10 and 11) is more evident
at higher acetone concentration (Figure 11) [51]. Significant differences can be observed
in the far-UV CD spectrum of insulin as a function of acetone concentration as shown in
Figure 11. Even though an increase on the peak intensity under the presence of acetone
(A =209 nm) is observed, the peak is not shifted to lower wavelengths (Figure 11). This
scenario may exclude the appearance of structures rich in -sheets, especially because the
presence of extensive [3-sheet structures is characterized by a minimum in ellipticity at
around 215 nm [38,70]. On the other hand, wavelength shift of the positive maximum
ellipticity from A =195 nm (acetone-free solutions) to higher wavelengths (insulin-

acetone solutions) is observed (Figure 11).

The ratio between the ellipticity at 222 nm and ellipticity at 209 nm indicates
whether an isolated helix or several helices that form a coiled-coil are present [40].
Isolated helical states exhibit a ratio value around 0.9, which is the case for the acetone-
free solution (Figure 11) at higher insulin concentrations. The solutions with acetone have
lower ratio values, and independent of the insulin concentration. As none of the studied
cases has a ratio value higher than 1.1, apparently no random coils are formed [64,70,71].
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Although the disappearance of the 222 nm-band is observed with the addition of acetone,
the minimum peak at 209 nm is not shifted to lower wavelengths (Figure 11). Typically,
a random coil structure is characterized by a single minimum below 200 nm [38,70] or
very low ellipticity above 210 nm [71]. Finally, the insulin samples (both in presence and
absence of acetone) were incubated at 20 °C and the far-UV CD spectra were compared
over time. Even for long times (7 days), no significative differences were obtained.
Similarly, Pease et al. (2010) [22] concluded that the CD revealed no secondary structural

changes in solution, thus no increase of the -sheet content.

4. Conclusion

This work addresses the production of insulin crystals using two different
crystallization techniques, hanging-drop vapour diffusion and droplet microfluidics, and,
ultimately, the derivation of an operating regime map. At low protein concentrations,
aggregate and/or agglomerate formation is observed during the hanging-drop
experiments, while crystals with variable size are produced in the droplet-based
microreactor. This distinct behaviour is attributed to three main factors: supersaturation
levels reached during the assays, time required to achieve homogeneous micromixing,
and interfacial effects. The different supersaturation level might be related to the acetone
concentration in solution, which appears to change insulin’s secondary structure. Circular
dichroism spectra indicate that both a-helix and B-sheet might coexist in the secondary
structure of human insulin, but predominantly helical. For the studied conditions, human
insulin in solution corresponds to an equilibrium mixture of insulin monomers and higher
associate states. At a higher insulin concentration (200 M), the results highlight the

appearance of a-helix structure. Lastly, the addition of acetone exhibits significative
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differences, where the main conclusion is the reduction of o-helical content, while
excluding the appearance of structures rich in [3-sheets or random coils. The presence of

acetone is required to generate insulin crystals.

The crystal size presents a high uniformity when produced in the droplet-based
microreactor, where the values are within the range reported in the literature. Therefore,
this crystallization technique reveals an enhanced control over the crystallization process
due to the less occurrence of aggregation and/or agglomeration, and uniform crystal size.
Additionally, contrary to what has been reported for other proteins (e.g. lysozyme), the
temperature effect on crystal size is not observed for insulin in the studied operating
conditions. Moreover, droplet microfluidics constitutes a more rational approach to
crystallize other proteins (e.g. hard-to-crystallize), and brings new perspectives to
possibly scale-up the crystallization process or even to perform continuous

experimentation.
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