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Spray drying has been widely used in food science for long-term storage of products
such as powdered milk, and it has recently been used for preservation of more
temperature sensitive products such as human blood plasma and single-cell organisms.
However, there are no previous reports of successful spray drying of viable
mammalian cells. This study lays the groundwork for spray drying of red blood cells
(RBCs), with the ultimate goal of creating a blood transfusion product that is stable at
room temperature.

To identify promising operating conditions for RBC spray drying, experiments
were performed to measure the moisture sorption characteristics of RBCs, as well as
their sensitivity to thermal damage. The moisture sorption isotherm of packed RBCs
was measured by equilibrating the sample in various relative humidity environments
and measuring the residual moisture content. The resulting data was sigmoidal in
shape, in agreement with the best-fit Guggenheim-Anderson-de Boer (GAB) model.
RBC sensitivity to thermal damage was determined by measuring hemolysis and cell
recovery after exposure to temperatures between 37 °C and 80 °C for 25 s. There was
no apparent damage for temperatures up to 60 °C, but exposure to temperatures of

70 °C or higher caused complete cell lysis. Together, the results of these experiments



allowed the use of a mathematical model of the spray drying process to identify
promising operating conditions.

Based on these model predictions, preliminary RBC spray drying experiments were
performed using a custom system consisting of a two-fluid atomizer, a drying
chamber and a biosafety enclosure with a HEPA filter. The results demonstrate the
potential for creation of an RBC powder that is sufficiently dry for long term storage.
However, few intact RBCs were observed after rehydration. To improve RBC
viability, we suggest that the spray drying system should be modified to enable a

secondary gas input and better insulation of the drying chamber.
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CHAPTER 1: Introduction

1.1 Present Blood Supply Chain

In 2011, more than 13 million units of blood were transfused in the United States
alone, according to the National Blood Collection and Utilization Survey Report. As a
result of the short storage life of conventionally stored blood, and the high demand
for transfusions, new technologies for stable long-term blood storage are being
rapidly developed. Current techniques can store blood in the refrigerated state for up
to 6 weeks without compromising viability or causing adverse physical responses in
the recipient upon transfusion. Seasonal shortages did occur, even though those were
rare [1]. To avoid shortages, techniques for the cryopreservation of blood, which can
extend the shelf life for up to ten years, have been developed. Moreover, post-thaw
analysis for cryopreserved RBCs has shown favorable cell recovery [2, 3]. But before
administration, cryopreserved RBCs must be deglycerolized which takes
approximately an hour [4]. The amount of time needed to make the RBCs ready for
transfusion prevents a timely and effective administration during certain emergency
situations. Besides the inconvenience of the post-thaw process, the cost of the
maintenance of cold chain is a significant issue as well. In certain situations, such as
in an active war zone, or after an earthquake, tsunami, or a hurricane, electricity
outages would make it impossible to sustain the cold chain. Therefore, we propose to

develop a process capable of spray drying RBCs for storage at room temperature.
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1.2 Requirements for Room Temperature Storage of RBCs

In order to successfully preserve erythrocytes at room temperature, one must take
steps to ensure long-term stability during storage. This can be understood in terms of
the glass transition temperature, a concept that may be more familiar in the context of
polymer processing. In polymers, rubber-like behavior appears when the surrounding
temperature (T) is greater than glass transition temperature (T). Rubber-like behavior
shows high mobility, but when mobility is high, so is the risk of damage to the cell. In
contrast, T < T, leads to glassy behavior, which decreases the risk of damage to the
cell. In other words, if the T, of RBC is greater than room temperature (Tom), then
the RBC is in a glassy state and the chance of cell damage is lower. In essence, the
higher the T, the wider the range of temperature in which we can keep the cell stable
and relatively safe from damage. Generally speaking, T, is related to the amount of
plasticizer in the polymer; the less the plasticizer, the higher the T,. In cells, water is
analogous to the plasticizer in polymers: the less the water content, the higher the Ty,

and the greater the range of temperature in which the cell can be kept stable.

1.3 Freeze Drying and Spray Drying

Increasing T, means reducing the water content of RBCs (desiccating the RBCs).
Freeze drying and spray drying are two commonly studied methods to achieve room
temperature storage. Freeze drying RBCs for room temperature preservation is a topic
of current research, [5, 6] but spray drying has only been applied to human blood
plasma [7] and some single-cell organisms [8, 9]. Even though the method of freeze

drying has been applied to RBCs, cell recovery was unacceptably low [5, 6]. Past
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studies have shown that multiple types of damage occur during the lyophilization
process: Kanias and Acker found oxidative damage of hemoglobin induced from the
desiccating process [10], and Torok et al. found membrane damage by observing the
morphology of the RBCs under SEM [6].

Recent studies have shown that desiccation damage to mammalian cells is time-
dependent [11, 12]. Typically the freeze drying process takes over 10 hours from
beginning to end, at which point the RBCs can theoretically be stored at room
temperature. Spray drying of RBCs has the potential to reduce desiccation damage to
the cell because of the quick drying time. The RBC solution is atomized at the nozzle
and then desiccated by the surrounding heated dry gas. Generally, spray drying is
accomplished in seconds [13], which is 4 orders of magnitude faster than freeze
drying. Because of this, spray drying seems like an attractive alternative because of

potential for mitigation of desiccation damage due to reduced drying time.

1.4 Mechanisms of Damage

The spray drying process can cause damage to the RBCs as a result of RBC
dehydration, the surrounding hot gas can induce hyperthermia damage, and the
atomization process itself can result in shear damage. The advantage of spray drying
however is the quick drying time — tiny droplets containing RBCs are generated by

atomization, and are quickly dried by the surrounding hot gas.
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1.4.1 Dehydration Damage

According to the Kanias and Acker study, hemoglobin is oxidized as a result of the
desiccation process [10]. Trehalose, a popular lyoprotectant, has shown its ability to
stabilize intracellular proteins and thus intracellular structure due to it’s ability to
hydrogen bond [14]. Not only does trehalose have a capability to protect the cell, but
it also happens to have a relatively high T,. Because of this, the T, for an RBC loaded
with trehalose is expected to be higher than that of an RBC not loaded with trehalose.
The higher T, makes it possible to achieve the same cell stability, but with a higher
moisture level (thereby reducing damage from dehydration). Thus, introducing
trehalose into RBCs mitigates the dehydration damage and at the same time elevates

the threshold of the maximum water content in the RBCs.

1.4.2 Hyperthermia Damage

It is important to note that a liquid water jacket encompasses each RBC droplet when
the droplet is formed. As the result, the RBC will be at a lower temperature than the
drying gas because of the cooling effect of evaporation of the liquid jacket.
Consequently, the wet-bulb temperature estimates the temperature experienced by the

RBC.

Most of the previous studies involving hyperthermia and RBCs have shown that
temperature-induced hemolysis increases significantly when the temperature
increases above 62°C [15-17]. In those previous studies however, the RBCs were
slowly subjected to the elevated temperatures for minutes or hours, which doesn’t

properly simulate the process of spray drying, which involves a very rapid
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temperature increase that only lasts, at the most, seconds. Fildes et al. found that
RBCs could tolerate up to a 60°C heat-shock for 0.6 or more seconds without causing
significant hemolysis and osmotic fragility [18]. Short lasting hyperthermia exposure,
lasting seconds rather than minutes or hours, more closely simulates the conditions

that the RBCs are exposed to during spray drying.

In previous studies, conventional lyoprotectants such as glycerol [19, 20] and sorbitol
[21] have been shown to protect RBCs against hyperthermia damage. From this we
can reason that trehalose, another conventional lyoprotectant, may also strengthen

RBC tolerance to high temperatures.

1.4.3 Shear-Induced Damage

Several types of atomizers were introduced in the Spray Drying Handbook: rotary,
pressure, two-fluid, and ultrasonic atomizers [22]. Our preliminary study has focused
on the shear-induced damage to RBCs from a two-fluid atomizing nozzle. Shear
damage was decoupled from other mechanisms of cell damage by using un-heated
humid nitrogen for the atomizing gas. According to the McLean et al. study, RBC
hemolysis is highly related to the hematocrit of the solution and to the liquid to gas
flow rate ratio [23]. In their study they showed that shear-induced hemolysis could be
diminished to less than 5%. We can therefore design our experimental parameters

after their study to minimize the shear-induced damage during spray drying.
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1.5 Study Overview

In this study, we started by identifying favorable output conditions for RBC spray
drying. We estimated an acceptable range for Ty, and the corresponding moisture
content in the dried RBC powder by finding the moisture sorption isotherm. We also
found a favorable output temperature by investigating the temperature threshold for
hyperthermia damage to RBCs. In addition to identifying these target outlet
conditions, we also determined the extent of damage during the trehalose-loading
process by observing the stability of trehalose-loaded RBCs. Next, a mathematical
model was constructed using this information. The mathematical model suggested
operating parameters for the RBC spray drying experiment. The experimental data
collected during RBC spray drying was compared to the predicted results from the
mathematical model. Additionally, the dried RBC powder was observed under the

microscope to qualatively test the RBC product for the appearance of viability.

CHAPTER 2: Materials and Methods

2.1 Mathematical Model of Spray Drying Process

To facilitate selection of operating conditions for RBC spray drying, a mathematical
model was developed based on conservation of mass and energy. The spray drying
process is illustrated schematically in Fig. 1. Drying gas and a liquid feed containing

RBCs are fed to the drying chamber, where the liquid is atomized into tiny droplets.
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Within the drying chamber water evaporates from the liquid droplets, resulting in a
dry powder and humid gas at the outlet. To develop a mathematical model of this
process we assumed isobaric steady-state conditions within the drying chamber and
thermal and chemical equilibrium between the dried powder and humid gas at the

drying chamber outlet.

| Drying Gas 9% Mia_. RBC Suspension

SR Tgas,in Tllq 4 7 T
—>Q

............. e ; mevap mpowder§ ........... .

: Humid Gas €=t L3y Dried Powder :

Fig.1 Control volume for mathematical model of the spray drying process.

To relate the relative humidity at the drying chamber outlet to the moisture content in

the dried RBC powder, we used the Guggenheim—Anderson-de Boer (GAB) model:

100M,,CKH, 1

M = 100 KH[100 + (€ = DKH.]

where M is the dry basis moisture content, H, is the relative humidity, and M,,, C and

K are constants characterizing the moisture sorption properties of the material. This
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model is commonly used to describe the moisture sorption properties of foods [28],

and it has also been used for biological cells, including yeast [29] and platelets [30].

The mass flow rate of RBC powder (which contains both residual water and solid
components) can be expressed in terms of the dry basis moisture content (M) and the

mass flow rate of solids as follows:

Mpowder = 1+ M)xsolidsmliq 2

where x4 IS the mass fraction of solids in the liquid feed and m,;, is the liquid

feed mass flow rate.

The powder flow rate can then be used to calculate the rate at which water evaporates

in the drying chamber:

Meyap = Myig — Mpowder

The rate of evaporation can be used to determine the water content of the exiting gas

stream, which can be expressed in terms of relative humidity as follows:

H. =100 (2)( . ﬁlevap/Ww > 4
p mevap/Ww + mgas/M/gas

where P is the absolute pressure in the drying chamber (assumed atmospheric), P” is

the equilibrium vapor pressure of water at T, and W,, and Wy, are the molecular



Page 10 of 47

weights of water and the drying gas, respectively. To account for the temperature

dependence of P*, we used the Antoine equation:

B 5

l PP=A4A———
0910 T + C

where A, B and C are published constants [31], Tou is in Celsius and P” is in mmHg.

An energy balance on the drying chamber consists of the energy lost by the drying

gas, the energy gained by the liquid and energy lost as heat:

Tout Tout
mgas f Cp,gasdT + mliq j Cp,lida + mevapAHv + Q

Tgas,in Tliq,in

where g, is the mass flow rate of the drying gas; Tgasin and Tyqin are the inlet
temperatures of the gas and liquid feeds, respectively; C, 445 and C,, ;4 are the heat
capacities of the gas and liquid feeds, respectively; AH,, is the heat of vaporization of

water at the outlet temperature Toy; Q is the heat. The temperature dependence of the
heat of vaporization was estimated using a linear fit to published data [31] over the

temperature range 2°C to 102°C, resulting in:
AH, = —2.4453 % T, + 2503.6 7

where AH,, isin kl/kg and T, isin Celsius.
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Together, these equations allow calculation of the properties of the RBC powder at
the drying chamber outlet as a function of the following key process parameters: 7,
Xsotids » Mgas Tiigin» Tgas,in aNd Q. Alternatively, the equations can be used to
identify combinations of process parameters that result in desired outlet conditions,
such as a temperature low enough to avoid thermal damage and a moisture content
low enough to ensure stability during storage. The equations were solved

simultaneously using a custom MATLAB program.

2.2 Isolation of RBCs

Human whole blood was either purchased from BioreclamationlVVT (Baltimore, MD)
or collected by venipuncture from volunteer donors using an IRB approved protocol.
The blood was refrigerated in tubes containing citrate, phosphate, and dextrose (CPD)
as an anticoagulant for up to 14 days. Immediately before using the cells in
experiments, the RBCs were isolated by centrifuging the sample at 1200 g for 5 min,
discarding the supernatant and resuspending the sample in isotonic phosphate
buffered saline (PBS) solution (142 mM sodium chloride, 12.5 mM disodium

phosphate, 11.1 mM glucose, pH 7.2). This PBS wash process was repeated 3 times.

2.3 Moisture Sorption Isotherm

The equilibrium moisture content of partially dried RBCs was measured under a
range of relative humidity conditions to create a moisture sorption isotherm.
Saturated salt solutions were used to generate a controlled relative humidity
environment [30], as illustrated in Fig. 2. Six different relative humidity conditions
were prepared using the following salts at 25+ 1 °C: lithium bromide (LiBr), lithium

chloride (LiCl), potassium acetate (CH;CO,K), magnesium nitrate (Mg(NO3),),
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potassium carbonate (K,COs3), and sodium chloride (NaCl). A small volume (250 pL)
of packed RBCs in a plastic weigh boat was placed on top of the saturated salt
solution within a sealed Mason jar. After 1 week, the RBC sample was removed
from the Mason jar for assessment of residual moisture content. Two different drying
conditions were examined for removal of residual moisture from the RBC sample:
150 °C for 3+ 0.5 hand 105 °C for 23+ 1 h. The dry basis moisture content was
determined by comparing the initial sample mass to the final sample mass after
drying in the oven. As an assay control, we measured the moisture content of sodium
tartrate, which exists as a dihydrate crystal with dry basis moisture content of about
18.6% [32]. All experiments were performed in ftriplicate. To quantitatively

characterize the relationship between moisture content and relative humidity, the data

was fit using the GAB model (Eqg. 1) using a least squares method.

6.5% 11% 22% 43% 53% 75%
L~ RBCs
A/~ MH\=/" \=/" F\=/" \=/ _\d://SaItprecipitate
LiBr LICl CH,CO,K K,CO; Mg(NO,), NaCl

Fig. 2 Relative humidity conditions for determining moisture sorption isotherm. Six
different saturated salt solutions were used to generate the indicated relative humidity
values.

2.4 RBCs Sensitivity to Elevated Temperatures

To evaluate the potential for thermal damage, RBCs were exposed to a range of
temperatures for 25 £ 5 s and then returned to physiologic temperature (37 °C). The

desired temperature was achieved by mixing 100 pL of 40% hematocrit RBC
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suspension with 3.9 mL of heated PBS, and placing the resulting mixture in a heated
water bath until the total exposure time reached 25 s. At that point, the sample
temperature was returned to 37 °C by addition of an appropriate volume of chilled
(0 °C) PBS. The exposure temperatures and corresponding solution volumes are

given in Table 1.

Table 1. RBC exposure temperature and volume of chilled PBS
added to return the sample to 37 °C.

Exposure Volume Pre-Chilled PBS
Temperature (°C) (0°C) Required (mL)

37 0

45 0.865
50 1.41
55 1.95
60 2.49
65 3.03
70 3.57
80 4.65

Thermal damage to the RBCs was assessed by measuring cell recovery and hemolysis.
Cell recovery was quantified by counting intact cells on a hemacytometer; percent
recovery was calculated by normalizing to the control sample (i.e., 37 °C exposure
temperature). To determine hemolysis, the amount of free hemoglobin in the sample
was quantified using Harboe’s direct spectrophotometric method [33] and normalized

to a 100% lysis control, as described in our previous study [34].

Because elevated temperatures can cause hemoglobin aggregation [35] — which may
interfere with detection of free hemoglobin and consequently impact hemolysis
measurements — we performed control experiments in which the RBCs were exposed

to elevated temperatures in the presence of pure water. The experimental conditions
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were identical to those described above, except that the cells were brought to the
desired elevated temperature by addition of heated water and returned to 37 °C by
addition of chilled water. Under these conditions all of the RBCs would be expected

to swell and lyse, releasing their hemoglobin into the supernatant.

2.5 Stability of Trehalose-Loaded RBCs

Trehalose loading was performed as described previously [26]. Packed RBCs were
brought to 30% hematocrit using trehalose loading buffer (800 mM trehalose, 6.7 mM
phosphate, 24.0 mM glucose, 0.433 mM adenine, 33.3 mM NaCl, and 8.87 mM
mannitol at pH 7.2) and incubated at 37 °C for 7 h. The RBCs were then washed
twice with PBS and stored at 4 °C for various times to assess the stability of the cells
after trehalose loading. The hemoglobin content was quantified in the supernatant
from the two PBS washes, as well as the supernatant of the sample after 4 °C storage,
using the spectrophotometric method described above. The sum total hemoglobin

content was compared to a 100% lysis control to determine the percent hemolysis.

2.6 Spray Drying of RBCs

The spray drying system is shown in Fig. 3. It consists of a cylindrical drying
chamber within a sealed biosafety enclosure. Ports at the top of the biosafety
enclosure allow introduction of liquid and gas feeds. These feed streams are then fed
to a two-fluid atomizer nozzle (1/4J SS nozzle body, 1650 fluid cap, 1153-64 air cap,
Spray Systems Co., Wheaton Illinois) located at the top surface of the drying chamber.
The nozzle generates a mist within the drying chamber, which is converted to a dried

powder as water evaporates from the droplets. At the drying chamber outlet, the
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powder is collected onto filter paper (Grade GF/D, Whatmann), while the gas passes

through the filter paper and into a piping system that leads to a fume hood. The

piping system includes a HEPA filter to decontaminate the gas stream, and a duct fan

to draw the gas through the pipes. Anopening in the piping system was also included

to allow decontamination of the air in the biosafety enclosure. This air is drawn into

the piping system and through the HEPA filter by the duct fan. To allow intake of

clean air into the enclosure, 0.2 um filters were integrated into one of the enclosure

walls.

Gas Input

Nozzle

Drying
Chamber

Filter Paper
System (collect
powder)

Fig. 3 Description of Spray Drying System

Liquid Input

Pipe to Duct Fan
and HEPA Filter

Biosafety
Enclosure

ABS pipes
(quiding
moisturized gas to
leave enclosure)

Position of Hr, Ty,
and P sensor
(in the pipe)
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The biosafety enclosure includes 3 ports that allow access to the interior: a top port
that allows removal of the drying chamber (if necessary), a front port where gloves
can be mounted, and a side port for introduction and removal of samples. During
operation of the spray dryer these ports were covered and sealed with O-rings to
prevent escape of potentially infectious particulates into the room. After completion
of drying, the filter paper and dried powder was removed from the piping system
using the gloves mounted to the front of the enclosure, and placed into a sealed Ziploc
bag. Fig. 4 illustrates how the filter paper was integrated into the piping system. The
filter paper was compressed between two flanges, which were tightened together
using bolts and wing nuts. Stainless steel mesh was placed below the filter paper to
provide structural support. After placing the sample in the Ziploc bag, the duct fan
was run for 30 minutes to decontaminate the air in the enclosure, and the sample was

removed through the side port for further analysis.

Fig. 4 Spray drying filter paper system. (a) Zoom in image of the filter paper system
from the whole spray drying system. (b) Composition of the filter paper system (from
left to right) — top toilet flange, top rubber disk, filter paper, stainless steel mesh, and
bottom rubber disk.
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The mathematical model of the spraying process (Egs. 1-7) was used to identify
promising conditions for RBC spray drying. The inlet conditions required for the
model were measured as follows. The mass flow rate of the liquid feed (m,;,) was
determined by multiplying the volumetric flow rate (as determined using the syringe
pump; see Fig. 5a) by the solution density. The solution density p was calculated as a

function of hematocrit (Hct = 0.05) as follows:

p = (Hct)prpe + (1 — Het) ppps 8

where prge = 1.125 g/mL is the density of RBCs [36] and ppgs = 1 g/mL is the
density of PBS. The mass fraction of solids in the liquid feed (xg,;4s) Was also

calculated as a function of hematocrit;

PrBC
Xsolids = (HCt) (%) XRBC

where xggc = 0.35 is the solids fraction of normal RBCs [37]. To determine the mass
flow rate of nitrogen gas fed to the atomizer (1), the volumetric flow rate from the
rotameter (see Fig. 5b) was corrected for the deviation from standard temperature and
pressure using the manufacturer’s instructions. The gas temperature was measured
using a thermocouple taped to the outside of the tube flowing into the rotameter, and
the pressure was estimated using the gas regulator. After the rotameter, the gas was
fed to a copper coil immersed in a heated ethylene glycol and water mixture solution

(Fig. 5¢). To determine Ty, i, the tube running from the heated bath to the biosafety
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enclosure was disconnected and a thermocouple was placed into the tube outlet; this
allowed estimation of the temperature just upstream of the atomizer. The liquid

temperature at the inlet to the atomizer (T}, ,,) was measured ina similar fashion.

Fig. 5 Spray drying input parameters. (a) Liquid compressed by syringe pump (black
arrow). (b) Gas compressed by gas tank; the needed parameters to determine the mass
flow rate of nitrogen gas: the volumetric flow rate from rotameter (green arrow),
temperature from thermocouple (white arrow), pressure from regulator (yellow
arrow). (c) Input gas heated by ethylene glycol solution, temperature from
thermometer (orange arrow).

Prior to starting each spray drying experiment, nitrogen gas was fed to the drying
chamber in order to remove moisture from the system and help achieve thermal
equilibrium. The nitrogen gas was heated to an inlet temperature of at least 85 °C and
fed at 30 g/min for at least an hour. The liquid feed was initiated once the relative

humidity measured at the drying chamber outlet was less than 5%.

Powder rehydration and residual moisture content were the two tests in order for us to
understand how well our system works. Powder, originally on the filter paper, was
scratched down to the same Ziploc bag. A small amount of powder (15 mg) was
rehydrated with PBS and observed under the microscope with a hemacytometer. The

other small amount of powder (25 mg) was used for detecting the residual moisture
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content (in the same manner as moisture sorption isotherm experiment). Powder
collection, powder rehydration, and powder residual moisture content detection were
all manipulated in a biosafety cabinet. This study has done two batches of blood for
spray drying; in each batch, there were two replicates in the rehydration test but only

one in the residual moisture content test.

2.7 Statistical Analysis

Results are reported using the mean and standard error of the mean. Each replicate
was obtained using a different batch of blood. The data was analyzed using ANOVA
with batch of blood used as a blocking factor; Fisher's least significant difference
(LSD) test was used for pairwise comparisons. Differences were defined to be
statistically significant at the 95% confidence level. All analysis was performed using

StatGraphics software.

CHAPTER 3: Results

3.1. Mathematical Model of the Spray Drying Process

The ultimate goal of this research is to develop a spray drying method that enables
long term storage of viable RBCs in a dried state. Spray drying is a complex process
with many interacting process parameters that are challenging to optimize empirically
[38, 39]. Therefore, we sought to leverage mathematical modeling based on mass and

energy balances to identify promising regions of the operating space for RBC spray
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drying. Fig. 3 illustrates how the mathematical model can be used to guide selection
of process parameters. The goal of spray drying is to achieve a sufficiently dry
powder for long term storage. To this end, the model can be used to define process
parameters that achieve a target moisture content (M) in the dried powder, as shown
in Fig. 3. The target moisture content is achieved for specific combinations of feed
flow rates (7i1;;4/mg44s) and drying gas temperature (Tyas m). A subset of those
conditions would be expected to cause thermal damage to the RBCs, allowing further
refinement of the operating space. Because of evaporative cooling during drying of
the liquid droplets, the droplet temperature is initially much lower than the drying gas
temperature; the key criterion for avoiding thermal damage is to maintain the outlet

temperature (T,y) below some threshold temperature (Tpax)-
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Fig. 6 Representative model predictions for an adiabatic process, illustrating selection
of safe operating region for RBC spray drying. See text for details.
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To enable the use of the mathematical model to guide design of the spray drying
process, it was first necessary to define the necessary parameters, including the

moisture sorption isotherm and the sensitivity of RBCs to thermal damage.

3.2 Moisture Sorption Isotherm

To examine the relationship between relative humidity and residual moisture content,
packed RBCs were equilibrated at room temperature in the presence of various
saturated salt solutions. We initially determined the residual moisture content of the
resulting RBC sample by drying in an oven at 105 °C for 24 h, because this method
has been used in several previous studies [9]. However, control experiments using
sodium tartrate (a dihydrate crystal with a dry basis moisture content of about 18.6%)
revealed that drying at 105 °C may not completely remove water from the sample.
The sodium tartrate control exhibited an apparent moisture content of only 13.1% +
0.2% after drying at 105 °C, indicating incomplete drying. To achieve more
complete drying, we investigated drying at 150 °C for 3 h. This method yielded a
moisture content of 18.8% = 0.1% for sodium tartrate, which approximately matches
the expected value. To further compare these methods, experiments were performed
using RBC samples that had been equilibrated at relative humidities of 6.5% and 75%.
As shown in Fig. 7, drying at 105 °C resulted in lower apparent moisture content than
drying at 150 °C, consistent with the results for the sodium tartrate control samples.

In particular, the difference between the moisture content values was statistically
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significant for a relative humidity of 6.5% (p = 0.0127). Therefore, drying at 150 °C

was used in subsequent experiments to determine the moisture sorption isotherm.

The moisture sorption isotherm for RBCs is shown in Fig. 7. As expected, the
equilibrium moisture content of the RBC samples decreased as relative humidity
decreased. The data exhibited excellent agreement with the best-fit GAB model (R* =

0.996), yielding the following model parameters: M,, =0.090, C = 21.4, and K = 0.82.
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Fig. 7 Moisture sorption isotherm for packed RBCs at room temperature.
Equilibrium moisture content was measured by drying at 150 °C for 3 h (diamonds)
or by drying at 105 °C for 24 h (squares). The line shows the best fit GAB model (Eqg.
1) to data obtained using the 150 °C drying method. Each data point represents the
average of 3 replicates.

3.3 RBC Sensitivity to Elevated Temperatures

Fig. 8 displays the hemolysis incurred after brief (25 s) exposure to elevated
temperatures between 37 °C and 80 °C. As expected, hemolysis increased as

temperature increased, reaching 90 + 8.4% after exposure to a temperature of 70 °C.
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The effect of exposure temperature on hemolysis was statistically significant (p <
0.0001) and pairwise comparisons revealed a significant increase in hemolysis for
exposure to temperatures of 70 °C or higher, in comparison to the 37 °C control.
Surprisingly, the measured hemolysis was lower after exposure to 80 °C (60 £ 8.4%)
than 70 °C (90 = 8.4%), and this difference was statistically significant. We
hypothesized that this apparent drop in hemolysis was caused by hemoglobin
aggregation and a concomitant decrease in detection of free hemoglobin by

spectrophotometry.
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Fig. 8 RBC hemolysis after brief (25 s) exposure to elevated temperatures. Each data
point represents the average of 5 replicates. Asterisks indicate a significant difference
compared with the 37 °C control.

To investigate this possibility, we performed a series of control experiments in which
RBCs were lysed using pure water and exposed to the same temperature conditions.
The results of these experiments are shown in Fig. 9. All of the resulting hemolysis
values were approximately 100%, with the exception of the sample that had been

exposed to 80 °C. In this case, the measured hemolysis was 80.8 * 4.35%,
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significantly lower than the hemolysis values for the other temperatures (p < 0.05).
This result is consistent with the apparent drop in hemolysis at 80 °C shown in Fig. 8.
Together, the results in Figs. 8 and 9 suggest that hemoglobin aggregation prevents
accurate measurement of hemolysis after exposure to 80 °C, but not for temperatures

of 70 °C and below.
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Fig. 9 — Apparent hemolysis after brief exposure of 100% lysed RBCs to elevated
temperatures. Each data point represents the average of 3 replicates. The asterisk
indicates a significant difference compared with the 37 °C control.

To corroborate the hemolysis data shown in Fig. 8, we also measured cell recovery by
counting the number of intact RBCs on a hemacytometer. As shown in Fig. 10, cell
recovery remained high (>88%) after exposure to temperatures up to 60 °C. However,
cell recovery dropped below 80% and to zero for exposure to 65°C and 70 °C,

representing a statistically significant decrease compared with the 37 °C control.

The cell recovery results are also consistent with the evidence in Figs. 8 and 9

suggesting that hemoglobin aggregation occurs after exposure to 80 °C. Obvious
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protein aggregation was observed in images of the sample that had been exposed to
80 °C, making accurate quantification of cell recovery impossible. In contrast,
images of the sample that had been exposed to 70 °C were clear and did not contain

any visible hemoglobin aggregates or intact RBCs.
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Fig. 10 Recovery of intact RBCs after brief exposure to elevated temperatures. Each

data point represents the average of 3 replicates. Asterisks indicate a significant
difference compared with the 37 °C control.

3.4 Stability of Trehalose-Loaded RBCs

Based on previous studies of RBC freeze drying [6], we initially planned to evaluate
the feasibility of RBC spray drying using trehalose as lyoprotectant. However, before
initiating spray drying studies, we first determined the stability of trehalose loading.
The results of these experiments are shown in Fig. 11. Substantial hemolysis (28.4%)
was observed when the cells were washed twice with isotonic PBS immediately after
trehalose loading, and hemolysis continued to rise during storage at 4 °C (green line),

reaching 39.9% after 4 h and 46.4% after 24 h. The effect of storage time on
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hemolysis was statistically significant (p = 0.0001), with significant differences in
pairwise comparisons as indicted in Fig. 11. On the other hand, control RBCs (red
line) exhibited hemolysis values that consistently remained less than 1% throughout

24 hours.
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Fig. 11 Stability of RBCs after trehalose loading (green line) compared with control
RBCs in isotonic buffer (red line). Each data point represents the average of 3
replicates. Data points with distinct superscript letters are statistically different.

3.5 Spray Drying of RBCs

The mathematical model of the spray drying process (Eqg. 1-7) was used to identify
the region of the operating space that is predicted to yield a sufficiently dry RBC
powder without exposure to excessive temperatures. We selected a target moisture
content in the dried RBC powder of 0.05 < M < 0.10 based on a previous study of
RBC freeze drying, which shows that freeze-dried and rehydrated RBCs exhibit an
increase in hemolysis when the moisture content is reduced below 0.05 [6]. To avoid

thermal damage, the target temperature at the drying chamber outlet was T, < 65 °C.
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Initially, we made predictions assuming that the drying chamber was adiabatic
(Q = 0). Asshown inFig. 12, the region between the dashed lines for 5% and 10%
moisture content defines the inlet conditions that are predicted to yield the target
moisture content in the RBC powder. The solid line shows the combinations of inlet
conditions that are predicted to yield the threshold outlet temperature of 65 °C; the
region to the left of this line is the safe region where T, <65 °C. Therefore, the
operating space for RBC spray drying consists of the region between the dashed lines

and to the left of the solid line.

To experimentally investigate RBC spray drying we initially used the inlet conditions
defined by the red circle in Fig. 12. This corresponds to an inlet drying gas
temperature Ty, ;= 95 °C and a flow rate ratio mi;,/mg,s = 0.021. This flow rate
ratio was achieved using an RBC suspension (at 5% Hct with isotonic saline) feed
rate m;;; = 1 g/min and a drying gas (nitrogen) feed rate m,,s = 46 g/min. Assuming
an adiabatic process, these inlet conditions are predicted to yield an outlet
temperature of 50 °C and a moisture content of 10%, which corresponds to a relative
humidity of 28%. However, experimental measurements deviated substantially from
these predictions. The measured temperature at the outlet was only ~28 °C and the
measured relative humidity was 70%, indicating substantial loss of heat in the drying

chamber.
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Fig. 12 — Adiabatic spray dryer thermodynamic operating space (Q = 0)

Therefore, we refined our mathematical model to account for heat loss from the
drying chamber. To model the heat transfer process, the drying chamber was divided
into two separate control volumes, as illustrated in Fig. 13. In the first control volume,
chemical and thermal equilibrium was assumed to occur rapidly, without any heat
loss to the surroundings. This allowed the temperature at the outlet of the first control
volume to be determined using the Egs. 1-7 with Q = 0. In the second control
volume, heat loss was assumed to occur but evaporation was neglected. This allowed

the heat loss to be modeled using the equation for a heat exchanger:

10
Troom) - (Tout - Troom)

In (Tinter — Troom)

Tout - Troom
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where To0m and Tiner are the room temperature and the intermediate temperature after
the first control volume, U is the overall heat transfer coefficient and A is the surface

area of the chamber.

This modeling approach is justified for the following reasons. From previous
computational fluid dynamics (CFD) research, single pass spray dryers have a quite
uniform temperature in the whole chamber; however, a significant temperature drop
displays at the entrance [13, 40]. Based on the gas inlet flow rate, the residence time
of the powder should be at least 1 minute, whereas only a few seconds is typically
needed for drying [41]. Thus, having the first control volume containing the water
evaporation process and the second control volume accounting for heat loss is a

reasonable strategy.

To quantify the overall heat transfer coefficient for our drying chamber, a spray
drying experiment was performed using RBC-free saline solutions as the liquid feed.

By knowing all the input parameters and the output conditions, the heat transfer

J

s'm2-°C

coefficient U = 168

(on average of two experiments).

Mg s Mg

Hr TDNI
Fig. 13 — The non-adiabatic spray drying chamber involving two separate control
volumes (Q # 0)
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Fig. 14 displays the new operating space for the non-adiabatic system. In this case, it
is relatively easy to achieve the target moisture content (0.05< M < 0.10) while
keeping the outlet temperature less than 65 °C. To experimentally investigate RBC
spray drying we selected the inlet conditions defined by the red circle: Ty4q ;=

100 °C and miy;4/1hgqs = 0.0098. This flow rate ratio was achieved using an RBC

suspension feed rate 1, = 0.45 g/min and a drying gas feed rate mg,, = 46 g/min.
These inlet conditions are predicted to yield an outlet temperature of ~32 °C, a
residual moisture content in the RBC powder of ~10% and an outlet relative humidity

of ~28%.
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Fig. 14 — Non-adiabatic spray dryer thermal dynamics operating space

Upon initiation of spraying, blood powder was not smoothly generated but a
cylindrical shell of solid material accumulated at the nozzle. The shell did not clog
the nozzle and after an initial period the shell stopped building up and the powder was

generated continuously. After the experiment had finished, visible blood powder
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appeared on the filter paper (Fig. 15a). The experimentally measured outlet
temperature was 32.3°C and the measured relative humidity was 28.0% on average
(Table 4). Measurements of the moisture content of the RBC powder yielded an
average of 10.5% after the spray-dried RBCs powder was scratched down carefully
from the filter paper (Fig. 15b), and then placed in oven at 150°C for 3 hours. These

results approximately match the predicted outlet conditions.

Table 2 Spray drying input parameters and results

RUN Rglgtive Terg;;lcr)g:ure Residual Moisture Content
Humidity (%) °C) from oven(%)
1 26.6 33.0 14.7
2 30.7 31.3 9.35
3 26.6 32.7 7.59
Avg 28.0 32.3 10.5

*Measurement collected at one week after spray drying experiment

e e ~Com N

Fig. 15— (a)RBCs on filter paper after spray drying before scratching (first batch of
blood); (b) RBCs on filter paper after spray drying after scratching (second batch of
blood)

The spray-dried RBCs had been rehydrated with PBS as well. Fig. 16 shows the
trehalose-loaded RBCs (tRBCs) under different circumstances. Fig. 16a displays

tRBCs before being spray-dried; no protein aggregates were observed under the
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microscope; Fig. 16b and c diplay potentially viable tRBCs after PBS rehydration
(from two different batches). However, protein aggregates prevent accurate
measurement of hemolysis by spectrophotometry. Therefore, only a qualitative

anlaysis could be done at this point.
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Fig. 16 — Trehalose-loaded RBCs microscopic view. (a)tRBCs without spray drying;
(b) and (c) Spray-dried tRBC after PBS rehydration (two different batches of blood)
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CHAPTERA4: Discussion

4.1 Moisture Sorption Isotherm

The sorption curve in Fig. 3 shows a sigmoidal shape, consistent with the sorption
curves generated in previous food science studies [28] and studies involving yeast [29]
and human platelets [30]. The curve shape in Fig. 3 is consistent with the shape of a
curve demonstrating Type Il sorption (one of the 5 types of sorption established in
Brunauer et al.[42]). In addition, the GAB model used by Bruanauer et al. for Type I

sorption properly matches the data generated in our study as well.
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4.2 RBCs Sensitivity to Elevated Temperatures

In order to successfully achieve moisture content of 5% in dried RBC powder, the
evaporation of moisture from the atomized RBCs must take place quickly, which
requires a high temperature gas. Fildes et al. concluded that RBCs could withstand
temperatures of 60°C for 0.6 seconds without displaying significant hemolysis or
osmotic damage [17]. 0.6 seconds is also an ideal amount of time in which to
complete the moisture evaporation. Our own experiments have shown that RBCs can
withstand 25-second exposure at 65°C (which we determined as the threshold
temperature for 25 second exposure) with acceptable levels of hemolysis. Although
hemolysis levels were acceptable, cell recovery tests show instability resulting from
thermal shock. Fildes et al. also found osmotic fragility was caused at lower
temperatures than hemolysis [18], so further study on damage occurring at lower

temperature exposures is suggested.

4.3 Stability of Trehalose-L.oaded RBCs

Intracellular trehalose loading has been demonstrated to increase survivability of cells
during the freeze drying process [6]. Recent studies have achieved better than 90%
recovery of human platelets when loaded with trehalose [14, 24], demonstrating
trehalose’s ability as a lyoprotectant. On the other hand, the trehalose loading process
is known to cause cellular damage due to Hb oxidation and membrane lipid
peroxidation [27], and the transfer of the trehalose loaded RBCs from the hypertonic
trehalose loading buffer into a physiologically isotonic solution results in cell damage

[26]. Our results in Fig. 11 show 28% hemolysis after 7 hours of trehalose loading
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and two washes with isotonic saline, which is essentially identical to the results found
by Satpathy et al. (which show hemolysis of 10% and 19% caused by the loading and
resuspension process, respectively) [26]. Most previous studies on treshalose loading
focused only on hemolysis occurring during the loading process or shortly after.
During our study, we found an additional 12% hemolysis occurring by 4 hours post
resuspension with isotonic saline, and 16% additional hemolysis occurring by 12
hours post resuspension. Because of this, we recommend the resuspended solution
should be refrigerated for 4 hours (until the remaining RBCs are more stable) before

conducting further analysis (such as spray drying experiments).

4.4 Spray Drying of RBCs

4.4.1 Observation of Spray Drying

Due to much heat loss, we found that a non-adiabatic model predicted experimental
operating parameters much more accurately. During the spray drying experiment
dried RBC powder was generated, but a cylindrical dried-blood ‘shell” was observed
forming at the nozzle. As the solution flowed through the nozzle, the hot nitrogen gas
dried the RBC solution quick enough that dried RBCs began to accumulate at the
nozzle before atomization even took place. As a result, the ‘shell” also changes the
geometry of the nozzle, which may result in spraying behavior inconsistent with that
designed by the manufacturer. In order to keep our experiment consistent with that of
the manufacturing design as well as McLean et al. study [24], we must work to

eliminate the build up of this dried-blood ‘shell” at the nozzle.
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4.4.2 Observation of Rehydration

After rehydration of the dried RBC powder, many protein aggregates and few intact
RBCs were observed under the microscope. We hypothesize that the low amount of
intact RBCs is aresult of shear-induced damage. According to the McLean et al.
study, high gas-to-liquid flow rate ratios result in higher hemolysis [24]. McLean et
al. found an approximate 5% hemolysis when using a (10 L/min)/(1 mL/min) gas-to-
liquid flow rate ratio with a 3% hematocrit solution, whereas the flow rate ratio of
20/1 at the same hematocrit resulted in 15% hemolysis [24]. However, even their
highest experimental gas-to-liquid flow rate ratio (20/1) was much lower than the gas-
to-liquid flow rate ratio used in our experiment (~50/0.45). The reason we were
unable to replicate the gas-to-liquid flow rate ratios used by McLean et al. is because
of the constraints of the non-adiabatic model, which required a higher gas-to-liquid
flow rate ratio in order to adequately dry the sample. It is also worth mentioning that
the adiabatic-model also required a higher gas-to-liquid flow rate ratio than what was
used by McLean et al. It is therefore necessary to build a secondary gas inlet with
which we can provide an adequate amount of gas to dry the sample while at the same
time lowering the shear stresses felt by the RBCs at the nozzle. As the gas-to-liquid
flow rate at the nozzle approaches the ratios used in the McLean et al. study, we
expect shear-induced damage to be reduced and ‘shell’ generation to be eliminated.
Besides mitigating damage to the RBCs by changing the experimental parameters,
chemical protectants may also be used to protect the RBCs against damage. The

extracellular protectant, human serum albumin, has been demonstrated to protect
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RBCs during freeze drying [5, 6]. Investigating the use of human serum albumin or

other extracellular protectants may be worthwhile in future studies.

4.4.3 Model Evaluation

Our experimental results quantitatively show the accuracy of our model prediction.
The experimental value of T, displayed less than 1% difference from the predicted
value, which is a fairly accurate result. The average experimentally measured relative
humidity differed from the predicted value by less than 0.1%, further demonstrating
the accuracy of the model. The value of M differed from the model prediction by
~5%. Since the oven desiccation has a process of powder collection and powder
quantification, the powder might be slightly moisturized during the process.
Therefore, it is understandable that the oven desiccation might provide a larger error

while transferring the powder from the filter paper to the oven.

CHAPTER 5: Conclusions and Future Directions

In summary, preliminary experiments were done first in order to create the boundary
of our mathematical model. Our completed mathematical model suggested operating
parameters, and the experimental results were used to evaluate the accuracy of our
model. In preliminary experiments, the GAB model was found to fit the curve
generated by our moisture sorption isotherm experiment, allowing us to accurately
use the model for Hr between 0% and 70%. We determined that 25-second exposure

of RBCs at 65°C does not cause significant hemolysis. We also determined that post-
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trehalose-loaded RBCs should be stored in refrigeration for 4 hours (until the solution
is more stable with time) before conducting further analysis or running the spray

drying experiment.

Our spray drying device allowed us to generate powder with ~10% water content
even in non-adiabatic conditions although chamber insulation needs to be improved.
Analysis indicates that some intact RBCs were generated after rehydration but
aggregation must be reduced. Creating a secondary gas input is a possible way to
reduce shear-induced damage while it would let us use the same gas-to-liquid flow
ratios at the nozzle that the McLean et al. study provided [24]. In addition to
intracellular lyoprotectants, extracellular lyoprotectants may provide another way by
which to decrease shear-induced damage since it is proven to stabilize the RBC

membrane [5,6]
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A.1 Isotonic Saline Protocol

Materials

8.3

g Sodium Chloride, NaCl

1.77 ¢ Disodium phosphate, Na,HPO,
2 g Glucose
1 L Ultrapure H20
2 N HCI and 2 N NaOH
Sterile bottle top filter, 500 mL
Sterile bottle, 1 L
Beaker, 1 L
Graduated clylinder, 1 L
Stir bar
Stir plate
Parafilm
Osmometer tips
Procedure
1. Place stir bar inside beaker and set on stir plate.
2. Measure 1 L of ultrapure water using graduated cylinder and dispense into
beaker.
3. Weigh the sodium chloride, disodium phosphate, glucose and add it into the
beaker.
4.  Start the stir function on the stir plate and continue until all salt are visibly
dissolved. While stirring, turn on the osmometer
5. Once salts are all dissolved adjust the pH to 7 by dropwise addition of NaOH
or HCI.
6. Take a sample of the solution and measure the osmolality with the osmometer.
7. Once the right osmolality is attained, stop the stir function and cover the
beaker with parafilm.
8.  Sanitize bottle and attach bottle top filter and vacuum.
9.  Process saline solution into sterile bottle.
10. Cap and label the bottle appropriately, place in the refrigerator.
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A.2 Trehalose Loading Procedure

(taken from Satpathy et. al. 2004)

The loading buffer contains 800 mM trehalose, 100 mOsm ADSOL, and 6.7
mM potassium phosphate (pH 7.2). ADSOL can be made in a 462 mOsm
stock solution containing 111 mM glucose, 2 mM adenine, 154 mM NacCl,

and 41 mM mannitol in an aqueous solution.

Take whole blood and centrifuge at 1800g for 10 min. Remove plasma so
only red blood cellsremain. Then wash 3 times in 1X PBS for 5 min in the
centrifuge at 1800g. Remove the PBS after the final centrifugation and add
the loading buffer such that the sample is at 30% hematocrit. Shake the

solution until the blood cells are well mixed in the loading buffer.

Incubate the RBC in the trehalose buffer at 37 degrees for 7 hours.

After incubation, centrifuge the sample at 18009 for 5 minute and remove the
loading buffer. Wash the loaded blood three times with 1X PBS. Then place
the loaded RBC in PBS for storage at 4 degrees Celsius until ready to use.
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A.3 Spray Drying Enclosure Design
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A.3 Spray Drying Enclosure Design (continue)




